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Introdution
Graphene, theoretially known sine the 40s, is a single graphite layer, hene a
monolayer of arbon atoms arranged in a hexagonal lattie. Studied more like a toy
model or to study the graphite properties, it was believed that ould not exist, due
to its bidimensional struture. When in 2004 Geim and Novoselov isolated layers of
free standing graphene, the interest around this material is rapidly inreased, thanks
to its unique strutural and eletroni properties related to its bidimensionality.
Graphene ombines an high exibility and lightness with a notieable mehanial
resistane. The eletroni struture is haraterized by the linear dispersion of the
pi bands near the K point in the Brillouin zone, alled Dira point, where the Fermi
energy lies. The linear dispersion implies that eletrons near the Dira point are
desribed by a Dira-like equation, hene they behave like relativisti partiles, yet
at low veloities and energies. Graphene is a semimetal with an high mobility of
harge arriers, but it an beome a semiondutor under appropriate substitutional
doping or strutural manipulation.
Due to its properties, there is a great interest on graphene based tehnologial
appliation. An important aspet for this purpose is the response of graphene to
an external eletri eld, in partiular if it is possible to tune the struture and the
eletroni properties. The aim of this Thesis work is to study the eletromehanial
properties and the eletroni response to an orthogonal eletrostati eld of graphene
with the spei fous on the possibility of ontrolling the loal urvature of the
graphene sheet by means external eletri elds. The interplay between eletri eld
and urvature is related to the exoeletriity, namely the polarization response to
a gradient of strain.
For tehnologial appliation, the possibility of epitaxially grow graphene on
a substrate is very important, and the epitaxial grown on SiC seems promising.
The harateristi of graphene are altered by the interation with the substrate:
the struture displays spontaneous ripples due to the ompression of the lattie
parameter aused by the mismath with the substrate. The SiC-graphene interfae
shown a double periodiity: the rst is the exat periodiity orresponding to a
superell of 13×13 ompared to the graphene unit ell, the seond is the periodiity
of the rippled strutures on graphene, orresponding to a 4
√
3× 4√3R30 superell.
Due to the spontaneous rippling, epitaxial graphene on SiC is an ideal experimental
system to study the eet of eletri eld on urvature. However, up to now, very
few experimental studies of graphene embedded in eletri elds were published, due
to the experimental diulties.
In this Thesis work, the eletroni and strutural properties of a graphene system
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exposed to eletri eld, as far as possible similar to the real one, were theoretially
studied by means of Density Funtional Theory (DFT) based omputer alulations
and simulations. At variane with the experiment, in omputer simulations the
exposure to an uniform and stati eletri eld, even of high intensity, is possible with
only minor additional diulties. The model system that reprodue the graphene
grown on SiC is quite large, inluding a thousand of atoms, and the use of massively
parallel omputational resoures and high performing odes is neessary for this kind
of simulations. The smaller 4
√
3× 4√3R30 ell, that approximately reprodue the
rippling periodiity was also simulated, in addition to the unit ell, used as test and
for omparison.
Model systems were simulated at null eletri eld and with elds of inreasing
intensity and dierent diretion. The 4
√
3 × 4√3R30 graphene ell was simulated
at zero ompression and with a 2% ompression, in order to reprodue the ripples
present in the graphene grown on SiC. For this ell also BN doped and N doped
graphene struture were simulated. The range of onsidered eletri elds is very
large, reahing the limits of those that an urrently be pratially produed.
In Chapter 1, after a brief summary of the main properties of free standing
graphene, the epitaxial grown graphene on SiC is desribed, showing the dierenes
with the free standing monolayer. Then the exoeletriity is desribed. Even if
there is not a omplete theory of the phenomenon and few artiles and experiments
have been performed on bidimensional systems, a phenomenologial model for sur-
faes is given. Finally a possible tehnologial appliation involving graphene is
reported, the hydrogen storage. For this purpose the eletromehanial properties
of graphene are very important, sine they ould be the key to the funtioning of
an hypothetial devie.
In Chapter 2 the theoretial and omputational methods used to obtain the
results are reported. The main theorems of the Density Funtional Theory are de-
sribed, as well as the semi-empirial implementation of the dispersion van der Waals
interations. The plane wave expansion and the related onept of pseudopotential
are desribed, as well as methods for the Brillouin zone integration.
In Chapter 3, after a desription of the alulation protools and the model sys-
tems, the original results are reported, showing the hange of eletroni properties
(band struture, harge distribution and density of eletroni states) and struture
due to the eletri elds. Diretly measurable observables, suh as the loal DOS
measured by Sanning Tunneling Mirosopy (STM), were evaluated. The ionization
limit is evaluated and the hange of exoeletri properties and the possibility of ma-
nipulating urvature is quantitatively estimated, for bare and substituted graphene.
These results are of partiular interest for tehnologial appliations in energy stor-
age and harvesting. In addition, the model systems mimi the real experimental
ones and results ould hopefully stimulate diret measurements with whih they
ould be straightforwardly ompared.
In Chapter 4, nally, onlusions and perspetives are reported after a summary
of the main results.
Chapter 1
Properties of graphene
This hapter desribes the onepts and the experimental developments on whih the
alulations are based. First the main harateristi of the free standing graphene
are reported, with a fous on the eletroni properties. Then an experimental sys-
tem, the graphene epitaxially grown on silion arbide, is desribed, showing the
dierenes with the free standing graphene. This system is partiularly important,
sine it is the referene of the simulations performed in this Thesis work. The
exoeletriity, the eletromehanial properties studied, is desribed for both bulk
and bidimensional systems, and previous results of eletromehanial oupling of
graphene are reported. Finally a possible tehnologial appliation involving the
exoeletri properties of graphene is reported, the hydrogen storage.
1.1 Free standing graphene
Graphene is a monolayer of arbon atoms arranged in a honeyomb lattie. The
exibility of the bonds between arbon atoms allows dierent graphene based stru-
ture to be stable, whose properties depend on the struture size, symmetry and
dimensionality. In fat graphene is the basis for all graphiti materials of dierent
dimensionality, from fullerene to graphite
[1℄
(Fig. 1.1). Fullerene is obtained from
graphene by introduing pentagons in the hexagonal struture that reate a urva-
ture (0D graphene). Rolling up graphene one obtains nanotubes (1D graphene).
Finally plaing graphene layers one above the other, bound through van der Waals
fores, one obtains graphite, a 3D struture.
Graphene has been studied theoretially sine the 40s
[2,3℄
either to better un-
derstand graphite or as a toy model, as it was believed that graphene, and all 2D
strutures, ould not exist in free state, but only as a part of 3D strutures. Peierls
and Landau
[4,5℄
argued that 2D strutures were thermodinamially unstable, be-
ause the thermal utuations in these rystals was omparable to the interatomi
distane at any nite temperature. This argument was later extended by experi-
mental observations of Mermin
[6℄
, that noted that the melting temperature of thin
lms dereases with dereasing of thikness and that lms of thikness of dozens of
atomi layers are unstable.
However in 2004 Geim and Novoselov refuted these theories, isolating, observing
7
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Figure 1.1: From graphene to other graphiti strutures with dierent dimensionality; from left
to right: fullerene, arbon nanotube, graphite. Piture from
[1℄
.
and measuring the properties of free standing layers of graphene
[7℄
.
1.1.1 Lattie struture
Graphene is a stritly bidimensional material sine it is one atom thik, and this
gives rise to a number of spei phenomena. The struture of graphene is shown
in Fig. 1.2(a). It onsists of an hexagonal lattie with two atoms per unit ell: this
means that there are two overlapping sublatties, whose atoms are indiated in blue
and yellow.
v1
v2
d2
d1
(a)

M
K
g2
g1
(b)
Figure 1.2: (a) Graphene hexagonal lattie and (b) orresponding Brillouin zone.
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The primitive traslational vetors are:
v1 = a (1, 0) v2 = a
(
1
2
,
√
3
2
)
(1.1)
The basis vetors, namely the loation of the atoms in the unit ell, are:
d1 = (0, 0) d2 = a
(
1
2
,
√
3
6
)
(1.2)
a is the lattie onstant and it is the distane between rst neightbour of eah
sublattie; it is equal to 2.46 Å. The arbon bond length is 1.42 Å and is equal to
a/
√
3.
The reiproal lattie of an hexagonal lattie is still hexagonal. In Fig. 1.2(b) is
shown the Brillouin zone, with fundamental vetors:
g1 =
2pi
a
(
1,−
√
3
3
)
g2 =
2pi
a
(
0,
2
√
3
3
)
(1.3)
The high simmetry points are Γ, M and K in Fig. 1.2(b).
Carbon has four valene eletrons and the sp2 hybridization leads to a trigonal
planar geometry in graphene, with σ bonds between atoms that give robustness and
strenght to the struture. Three eletrons are involved in those bonds, while the
fourth lies in a p orbital orthogonal to the rystal. The eletrons in sp2 orbitals give
rise to the σ bands and the ones in the p orbital to the pi band.
(a)
-2 0 2
ε /t
0
0.2
0.4
0.6
0.8
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ρ
(ε
)
(b)
Figure 1.3: (a) Plot of bidimensional energy surfaes of the pi bands in the 2D hexagonal Brillouin
zone, obtained by tight-binding alulation; zoom in near the Dira point. (b) Density of states
near the Dira point; ε and t are tight-binding parameters. Pitures from [8℄.
Looking at the graph of the bands in Fig. 1.3(a), obtained by tight-binding
alulation
[8℄
, it an be noted that graphene is a semi-metal: the band gap is null
and valene and ondution pi bands touh eah other only at the K point (alled
Dira point), where the states energy equals the Fermi energy and the density of
states (DOS) is null (Fig. 1.3(b)).
10 1.1 Free standing graphene
 M K 
-8
-4
0
4
8
1
-l
a
y
e
r
-8
-4
0
4
8
2
-l
a
y
e
rs
-8
-4
0
4
8
3
-l
a
y
e
rs
-8
-4
0
4
8
g
ra
p
h
it
e
[e
V
]
(a) (b)
Figure 1.4: (a) Band struture for mono, bi and three layer graphene and graphite. (b) Zoom in
near the K point for mono, bi and three layer graphene. Pitures from [9℄.
The eletroni behaviour of graphene is stritly related to its bidimensional-
ity
[9,10℄
. When more layers are plaed one above the other, graphene starts to lose
its properties and just with ten layers the eletroni struture begins to resemble the
graphite one. In Fig. 1.4 the band struture with dierent graphene layers, up to
the graphite struture, are shown. Only mono and bi layer graphene are semimetal,
while when more layers are added, the band struture beome pretty omplex, with
valene and ondution bands that start to overlap and do not show the linear
dispersion at the K point. Aording to the eletroni struture, graphene ould
be divided into three groups
[1℄
: monolayer, bilayer and with less than ten layers.
Thiker strutures should be onsidered as thin lms of graphite.
1.1.2 Dira point and ballisti transport
At the K point in the Brillouin zone, alled Dira point, the valene and ondution
pi bands touh eah other (Fig. 1.3(a)). The dispersion near this point is linear
and this gives rise to an unusual phenomenon in matter physis: the low energy
exitations are desribed by a relativisti Dira-like (2+1)-dimensional equation,
typial of massless partiles in quantum eletrodynamis (QED).
Eletrons near K point are massless, hiral, Dira fermions, desribed by the Dira-
like Hamiltonian
[8℄
:
H = h¯vF
 0 kx − iky
kx + iky 0
 = h¯vFσ ·k (1.4)
k is the momentum of the quasipartile, σ is the 2D Pauli matrix and vF is the
Fermi veloity, the analog of the speed of light c (vF ≈ 106 m/s, about 300 times
smaller than c). Hene graphene is a unique system for QED studies, sine QED
properties our at muh smaller speed and non relativisti energies.
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Eah sublattie ontributes to the states of the quasipartiles near the Dira
point. For this to be taken into aount, one has to introdue a sublattie index, in
analogy with the spin index used in QED, alled pseudospin; doing this the spinors,
two-omponent wave funtions, are used to desribe the relativisti-like eletrons.
Usually the Pauli matrix is used for the pseudospin, while the real spin of eletrons
must be desribed by additional terms.
Due to the Dira fermions, graphene exhibits the quantum Hall eet even at room
temperature
[11,12℄
(Fig. 1.5), sine their large ylotron energies. In fat, due to the
linear dispersion, the ylotron energy is not a onstant, but depends on the square
root of the eletroni density: this was used also for experimental heks of the
presene of relativisti eletrons.
Figure 1.5: Quantum Hall Eet at temperature of 300 K and magneti eld of 29 T. Piture
from
[12℄
.
Another important eletroni property of graphene is the high mobility of harge
arriers. Eletrons and holes an be tuned ontinuously till onentrations to 1013 cm−2,
with the mobility that an go over 15 000 cm2V−1s−1 even in ambient onditions.
The mobility is also poorly aeted by the presene of doping elements. It has been
observed
[7℄
that the mobility has a weak dependene on temperature, thus means
that is limited by sattering with impurities or imperfetions in the struture. In
a perfet graphene rystal the mobility ould exeed 100 000 cm2V−1s−1. Indeed,
under ertain onditions, the drift of harge arriers exhibits similar harateris-
tis to the ballisti transport, at least on the mirometre sale: the Dira fermions
seem immune to loalization eets, propagating for distanes up to 0.3 µm at room
temperature, without sattering
[1,7℄
.
1.2 Graphene on silion arbide
Graphene was isolated for the rst time by mehanial exfoliation of graphite
[7℄
:
layers of graphene were stuk in a soth tape. However this method produes
little and irregular akes of graphene, interspersed by lms of graphite, good for
the analysis of fundamental properties, but not for implementation in tehnologial
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devies. Moreover the thikness of the graphene zones varies ontinuously from
monolayer, bilayer and few-layer.
One promising method for the prodution of graphene samples is the epitaxial
growth on a substrate of silion arbide (SiC). The epitaxial growth of graphite on
SiC is known from deades: when the silion arbide is heated up to 1300 ◦C, the
monorystalline graphite grows on the SiC surfae. By ne tuning of the growth
parameters, it is possible to obtain a single layer of graphene on SiC
[13℄
. However the
interation with the substrate an modifying the eletroni and strutural properties
of the arbon layer. Atually, the rst formed arbon layer is ovalently bond to the
substrate, and the elasti stress due to the interfae (the lattie mismath between
SiC and graphite is equal to 8% [14℄) is ompensated by the binding energy. The
arbon layer eletroni properties are then ompletely dierent and it annot be
onsidered graphene. Atually the rst layer is used like a buer layer for the growth
of the seond layer, that displays properties similar to the free standing graphene.
Figure 1.6: Silion arbide struture. C-terminated surfae top, SiC (0001¯), Si-terminated surfae
below, SiC (0001).
The growth an be done in the silion terminated surfae, alled SiC (0001), or in
the arbon terminated surfae, SiC (0001¯) (Fig. 1.6): this aet the properties of the
arbon layer and of the next ones. In the ase of C-terminated surfae, the ovalent
C-C bonds are stronger than the analogues Si-C, therefore the arbon layer is nearer
and atter. Furthermore the rearrangement of the atoms is dierent from the Si-
termination ase, so a dierent periodiity is involved. Finally on the SiC (0001¯)
graphene grows faster, and is more diult to obtain the mono or bilayer required.
For this reasons in the next setions the fous will be on the Si-terminated surfae.
1.2.1 First arbon layer
When the rst arbon layer grows on the SiC, the arbon atoms ovalently bind
to the substrate, namely with silion atoms in SiC (0001) or with arbon atoms in
SiC (0001¯). A whole set of experiments show that the rearrangement of the atoms in
the Si-terminated ase produes a periodiity at the interfae that an be represented
by a 6
√
3 × 6√3R30 ell for the SiC, that orrespond to a 13 × 13 for graphene.
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Sanning tunneling mirosopy (STM) images evidene also a ∼ 6 × 6 periodiity
for SiC at the interfae (4
√
3× 4√3R30 for graphene). In Fig. 1.7(a) the two ells
are shown, dashed line for 6
√
3 × 6√3R30 and bold line for ∼ 6 × 6. The latter is
very lear, beause is related to the bright spots on the arbon layer. For the C-
termination the piture is not so lear, however a 6
√
3× 6√3R30 periodiity seems
not to be present (data not shown).
(a) (b)
Si
C
()
Figure 1.7: Ab initio total harge density of the Si-terminated substrate with one layer of arbon
atoms. Analogous images are been obtained by STM observations
[15℄
. (a) Top view of 121 nm2;
the dashed line indiates the 6
√
3 × 6√3R30 SiC ell, while the bold line is the ∼ 6 × 6 SiC ell.
(b) On top the 6
√
3× 6√3R30 ell, with the height of the atoms indiated by the olor: blue near
the substrate, green for the uppermost atoms; bottom the height prole of the arbon atoms along
the dashed line on the top image. () Transverse view of the total harge. Pitures from
[15℄
.
Ab initio alulations
[1416℄
show that the substrate atoms involved in the ova-
lent bond move outwards, while the orresponding atoms on the arbon layer relax
towards the substrate. The bond lenght is 2.00 Å for the Si-terminated, slightly
longer than the SiC bond lenght (1.87 Å). For the C-terminated surfae, the C-C
bond is stronger and the bond lenght is 1.87 Å. However not all atoms of the arbon
layer are bound, hene the average distane of the layer from the substrate is 2.58 Å
for the Si-terminated (2.44 Å for the C-terminated). This means that ripples are
present in the layer struture, as shown in Fig. 1.7(). The bright spots related to
the ∼ 6 × 6 periodiity in Fig. 1.7(a) are the atoms not bound with the substrate
that form ripples; dark areas, instead, are atoms ovalently bound to the substrate.
In the struture is present a pattern of irregular hexagons, eah one large about 20 Å
and bounded by the bright atoms, due to the mismath of the lattie parameters.
The height dierene between the lower and upper atoms is pretty large, about 1.2 Å
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(Fig. 1.7(b)).
In Fig. 1.8 the bands energy of the SiC with the buer layer are shown, both
in the Si-terminated and in the C-terminated substate. In both ases the ovalent
bonding between the arbon layer and the SiC surfae preserves the σ bonds of
the sp2 hybridization, and then the orresponding σ bands, while the p orbitals are
altered, and the ones of the not bound atoms give rise to a at pi band: there is not
a linear dispersion, and hene no graphene-like behavior. Not all the Si atoms are
bound with the buer layer, and the unsaturated ones are responsible of the gap
states near the Fermi energy. For the Si-terminated surfae, the eletroni density at
the interfae is strongly deloalized, due to the overlapping of the graphene-indued
eletron states with the ondution band, while for the C-terminated ase eletron
states are more loalized; this favors the spin polarization and thus the splitting of
the gap state. From the point of view of the bands struture, the Si-terminated
surfae ats like a metal, while the C-terminated is an insulator.
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Figure 1.8: Bands struture at the interfae, alulated with the
√
3×√3R30 ell. The shaded
regions are the projeted energy bands of SiC. Pitures from
[14℄
.
STM experiments demonstrate that the struture of the buer layer remains
substantially unhanged when another arbon layer is added, making it a proper
interfae or buer layer for a seond (or more) layer of graphene, with a layer by
layer epitaxial growth.
1.2.2 Seond arbon layer
The seond arbon layer, grown on the buer layer, displays properties very similar
to the free standing graphene, hene will be referred as graphene. The graphene
layer grows aording to the AB staking sheme of graphite, and interats with
the substrate by van der Waals fores. For the Si-terminated substrate, the mean
distane of the graphene plane is 3.35 Å, as the distane between layers in graphite,
but graphene tends to follow the morphology of the buer layer and therefore small
ripples are present, as shown in Fig. 1.9(). These ripples make very lear the ∼ 6×6
periodiity of SiC (4
√
3 × 4√3R30 for graphene), visible in Fig. 1.9(a), that now
has an hexagonal lattie struture more evident. The ripples have an amplitude of
0.4 Å (Fig. 1.7(b)) and a wavelength of 19 Å.
For what onerns the eletroni properties of the seond layer, these are very
similar to the free standing graphene, even if the interations with the substrate
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(a) (b)
() (d)
Figure 1.9: (a) (b) () Ab initio total harge density of the Si-terminated substrate with two
layers of arbon atoms. Analogous images are been obtained by STM observations
[15℄
. (a) Top
view of 121 nm2; the dashed line indiates the 6
√
3 × 6√3R30 SiC ell, while the bold line is the
∼ 6 × 6 SiC ell. (b) On top the 6√3 × 6√3R30 ell, with the height of the atoms indiated by
the olor: blue near the buer layer, green for the uppermost atoms; bottom the height prole of
the arbon atoms along the dashed line on the top image. () Transverse view of the total harge.
Pitures from
[15℄
. (d) AB staking of the seond arbon layer.
give rise to some dierenes. In the ase of Si-terminated surfae, the σ bands of
the rst layer are shifted up in energy, ompared to the analogues of the buer
layer. The metalli state at the interfae auses an eletron doping (n doping) of
about 8.7 · 1012 cm−2, and hene a displaement of the Dira point under the Fermi
energy, as an be seen in Fig. 1.10(a) and in Fig. 1.10(b), at a value about 0.4 eV
below
[14℄
. Furthermore at the Dira point, a gap of about 0.2 eV appears, together
with midgap states
[16℄
. The gap opens beause the interation between graphene
and the buer layer is dierent depending on the atom's position. This fat breaks
the sublattie symmetry of graphene and the wave funtions near the Dira point are
the result of the dierent weight of eah sublattie states. Instead the midgap states
originate from the oupling between the graphene's p orbitals and the loalized p
orbitals on the bumped atoms of the buer layer (the bounding hexagon).
On the C-terminated surfae, the interfae state is insulating, hene no doping
ours. The Dira point lies exatly at the Fermi energy, like the free standing
graphene, as visible in Fig. 1.10().
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Figure 1.10: Bands struture of SiC with two arbon layers. The shaded regions are the projeted
energy bands of SiC. (a) Si-terminated surfae, alulated with the
√
3 × √3R30 ell; piture
from
[14℄
. (b) Simulated spetrum for Angle-Resolved Photoemission Spetrosopy (ARPES) of the
Si-terminated substrate, in the region near the Dira point, where the gap and midgap states are
visible; piture from
[16℄
() C-terminated surfae, alulated with the
√
3 × √3R30 ell; piture
from
[14℄
.
1.3 Flexoeletriity
Sine this Thesis work inludes a study of interations of urved graphene with
eletri elds, it is onvenient to review some related onepts.
Flexoeletriity is the response of the polarization in dieletri materials to a
gradient of mehanial strain, and an be viewed as an high order eletromehanial
phenomenon with respet to piezoeletriity, whih is the response of the dieletri
polarization to a mehanial strain
[17℄
. Unlike piezoeletriity, that arises only in non
entrosymmetri materials, exoeletriity is allowed in materials of any symmetry.
The exoeletri eet in solid is usually weaker ompared to others eletrome-
hanial eets, but on the nanosale, where the strain gradient is larger due to
the redued lengths, it plays an important role. Despite this and the fat that it
looks promising for tehnologial appliations, the understanding of exoeletriity
is still limited, as proved by the ontraditory theoretial and experimental results
available.
The exoeletri ontribution to the polarization Pi of a 3D rystal subjeted to
a strain gradient is
[1719℄
:
Pi = µklij
∂εkl
∂xj
(1.5)
where µklij is the exoeletri tensor and xj are the artesian oordinates inside the
rystal at null strain. εij is the strain tensor, dened as the symmetri part of the
tensor ∂ui/∂xj , where ui is the displaement of the point xj :
εij =
1
2
(
∂ui
∂xj
+
∂uj
∂xi
)
(1.6)
This expression for the exoeletriity refers to the bulk ontribution, while the
surfae ontribution is still subjet of debate
[20,21℄
.
Graphene, exhibiting inversion symmetry, is not intrinsially piezoeletri, but
its bidimensionality an produe a symmetry breaking on surfaes and hene new
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eletromehanial eets, as surfae piezoeletriity or exoeletriity, forbidden in
the bulk
[22,23℄
. For bidimensional systems the Eq. 1.5 for the polarization is not
straight usable, sine it is dened for bulk materials. In this ase, the exoeletriity
an be onsidered as the linear eletromehanial oupling proportional to the loal
urvature. Hene the diret exoeletri eet, namely the polarization in presene
of a gradient of strain, an be rewritten as
[24℄
:
P = f(k1 + k2) (1.7)
k1 and k2 are the prinipal urvatures, related to the Hessian alulated at eah
point, while f is the exoeletri onstant, related to the harge distribution:
f =
∫
∂P (z, k)
∂k
∣∣∣∣
k=0
dz (1.8)
where z is the oordinate normal to the surfae. When a exoeletri surfae is
immersed in an external eletri eld, it starts to bend, a phenomenon alled inverse
exoeletri eet, that an be desribed as follow:
k1 + k2 =
f
D
F (1.9)
F in the eletri eld, whereas D is the bending stiness. In a at surfae of a
nonpolar material, the dipole moment is null for symmetry. However when the
surfae is urved, there is a redistribution of ions and eletrons, and a net dipole
is reated; this dipole is responsible for the exoeletri oupling with the eletri
eld, that inreases with the urvature.
When an eletri eld is applied transversely to suspended graphene, the surfae
starts to deet
[25℄
(Fig. 1.11(a)). In ideal onditions, when the eletri eld is ap-
plied perfetly perpendiular to the plane of graphene, the indued dipole is parallel
to the eld and there is not moment of eletrostati fore, hene no deformation
would be possible. However the intrinsi height utuations and edge stresses make
that the net moment is not null and a deetion appears. Moleular dynamis sim-
ulations
[25℄
have proved that the deetion inrease not only with the value of the
eletri eld, but also with the size of the graphene surfae, as visible in Fig. 1.11(b).
For small deetion is possible to write the relation:
δ ≈ F
√
L3
C
(1.10)
where δ is the maximum height of the deetion, L is the length of the graphene
surfae and C = 60 653 eV/nm2 is a onstant related to the ross setional area.
In bidimensional materials like graphene, the exoeletriity an indue defor-
mations of the shape of the struture under eletri eld. Deetions parallel to the
eld are enhaned, while the antiparallel are suppressed. This behaviour ould be
used for a series of new eletromehanial devies based on graphene.
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(a) (b)
Figure 1.11: Transverse eletri eld on suspended graphene. (a) Representation of the fores
ating on the surfae and of the harge distribution by olor sale. (b) Dependeny of the deetion
by the eleti eld and the size of the surfae of graphene. Pitures from
[25℄
.
1.4 Graphene for hydrogen storage
A possible appliation for graphene in tehnologial devies is the hydrogen storage
and transport
[26℄
. Hydrogen is a ammable substane and ould be used in fuel
ells for the prodution of eletri energy. The simplest way to stok hydrogen is
to ll a gas ylinder, but the ammability is very dangerous and limits the amount
of hydrogen that is possible to store. Graphene ould overome these problems,
beause hydrogen an physisorb or ovalently hemisorb on the graphene surfae.
Both proesses are onsidered for hydrogen storage. The physisorption is more
diult to ontrol and urrently does not exhibit great storage apaities, exept at
low temperature and high pressure. The hemisorption of atomi hydrogen, instead,
is an exothermi proess with a barrier of about 0.3 eV and a binding energy of about
0.8 eV, depending if others hydrogen atoms are bound. Also moleular hydrogen an
hemisorb on graphene, but the proess is slower and the energy barrier inreases
up to values of 1− 5 eV, depending on the relative positions of the atoms bound
with graphene.
For the atomi hydrogen, the reativity depends also on the loal strutures of
graphene, in partiular by the presene of orrugated regions: hydrogen tends to
reat with the arbon atom on top of a loal urvature, namely H atom binds in
the onvex urvatures, where the binding energy inreases of about 1 eV than the
at surfae. The orbitals of the C atom distort their sp2 hybridization in favor
of the sp3, dereasing the hemisorption barrier and enhaning the reativity. This
type of urvatures are naturally presents on the graphene epitaxial growth on silion
arbide, hene this struture seems good for hydrogen storage. However to realise a
devie, a ontrolled mehanism for the hydrogen release must be dened.
A way to release hydrogen is to invert the loal urvature: the H atom on the
onvex surfae is now loated on a onave urvature. The loal geometry aet
muh on the hemisorption of hydrogen, and when the H atom is on a onave
surfae spontaneously desorbs: the binding energy derease of about 2 eV than the
onvex urvature. When the rst atom on the bottom of the onave urvature
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is released, it favors the release of other atoms, also in regions of small onavity,
giving rise to a sort of hain reation.
Figure 1.12: Working sheme for the possible hydrogen storage devie. Piture from
[26℄
.
The working sheme for the hydrogen storage devie is shown in Fig. 1.12. It
onsists of three steps:
1. Injetion: the moleular hydrogen is broken by raking in two H atoms that
are introdued in the devie.
2. Storage: the atomi hydrogen binds to the ripples of the graphene surfae.
Hydrogen is now stoked in the devie and an be transported.
3. Release: the graphene urvature is inverted, and the hydrogen atoms are re-
leased. They bind in moleular hydrogen that is available in gaseous state.
How to invert the urvature is not yet dened. The attention is foused on the
response of graphene to eletri eld: the exoeletri properties, enhaned by ap-
propriated doping, ould permit the inversion, even partial, of the urvature. The
urvature manipulation is interest as a way to ontrol the adsorption and desorption,
but it ould nd appliation in many others elds: the orrelation between exibility
and eletriity opens the way to the generation of potential dierenes related to
substanes ows that hange the urvature, or the urvature ontrol by eletri eld
ould be used for substanes transport by means of graphene.
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Chapter 2
Methods: Density Funtional Theory
and its plane wave implementation
This hapter desribes the theoretial and omputational methods used to obtain
the results of this Thesis work. The basis of the Density Funtional Theory are
rst reported, with a spei fous on the expansion in plane waves for the self on-
sistent orbitals. The approximations used are desribed: treatment of the eletroni
exhange and orrelation, desription of van der Waals dispersion, treatment of the
ore eletrons. A brief desription of the algorithms used and of the ode in whih
they are implemented is nally given.
2.1 Density Funtional Theory: basi onepts
Addressing a system with a large number of atoms with quantum mehanis in
omputer simulations imposes some simpliation to maintain the omputational
ost low enough. One ommonly used the Born-Oppenheimer approximation: the
mass ratio between a nuleus and an eletron is so large that the nulei ould be
onsidered frozen from the point of view of eletron dynamis. This means that
is possible to separate adiabatially the dynamis of eletrons and nulei, namely,
indiating with Φ the total wave funtion:
Φ = ψ(r, R)ϕ(R) (2.1)
where ϕ(R) is the nulear wave funtion and ψ(r, R) the eletroni one.
Fousing on the eletroni problem, one way to redue the omputational ost is
to transform the many body problem into an equivalent one-eletron problem in
eetive external eld. The Density Funtional Theory (DFT) loates within this
lass of theories, being a mean eld ground state theory in whih the emphasis is
set on the one body eletron density. It is based on two main pillars, namely the
Hohenberg-Kohn theorem and the Kohn-Sham sheme, desribed in the following.
After the Born-Oppenheimer separation, the eletroni system an be desribed
as a system of N interating eletrons in an external potential Vext, namely the
eletrostati potential of the nulei
[27,28℄
. The Hamiltonian of the system is written
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as:
H = Hint + Vext (2.2)
Hint inludes the eletrons kineti energy and the eletron-eletron interation:
Hint =
N∑
i=1
|pi|2
2me
+
1
2
∑
i 6=j
e2
|ri − rj | (2.3)
the sum runs over the eletrons indies. The external potential, generated by the
nulei, an be rewritten as:
Vext =
∑
i
vext(ri) = −
∑
i
∑
I
ZIe
2
|ri −RI | (2.4)
where RI are the nulear oordinates. Naming |Ψ〉 the ground state of the system,
the eletron density is dened as:
n(r) = 〈Ψ(r1 . . . rN )|
∑
i
δ(r− ri) |Ψ(r1 . . . rN )〉 (2.5)
Sine the mass of the eletrons, their harge, their number and their interation are
given, the only variable of the system is the external potential Vext. The Hohenberg-
Kohn theorem states that there is a one to one orrespondene between the external
potential and the ground state eletron density: this means that the variable of the
system beame the eletron density, and that there is only one external potential
(apart from additive onstant) that leads to a given ground state harge density.
Moreover the ground state depends on the eletroni density:
Ψ = Ψ [Vext] = Ψ [n(r)] (2.6)
Also the ground state energy is a funtional of the harge density: in fat the energy
is determined by the ground state Ψ, that is proved to be a funtional of the density.
This means that also the expetation values of the kineti energy of eletrons and
their interations are funtionals of the harge density. In mathematial terms the
funtional E [n(r)], alled the Hohenberg-Kohn funtional, is expressed as:
E [n(r)] = 〈Ψ|T + Vee + Vext |Ψ〉 = T [n(r)] + Vee [n(r)] +
∫
n(r)vext(r) d
3r (2.7)
T is the kineti energy and Vee is the eletron-eletron interation. The energy
funtional is minimized by the exat ground state harge density: in this ase the
energy value is the exat of the many body system. The problem is then redued
to the determination of the eletron density that minimize the energy funtional.
However the funtional T [n(r)]+Vee [n(r)], even if universal (it does not depend on
the external potential but only on the harge density) is not known expliity.
An operative way to use the priniples inluded in the Hohenberg-Kohn theorem
is provided by the Kohn-Sham sheme. The ground state density is deomposed in
a set of one eletron orthonormal orbitals:
n(r) =
N∑
i=1
|φi(r)|2 (2.8)
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φi are the Kohn-Sham orbitals. They are hosen with the help of an auxiliary
system of non-interating eletrons. Eq. 2.8 desribes a system of N non-interating
eletrons with the same ground state harge density n(r). The Kohn-Sham orbitals
are solutions of the single eletron Shrödinger equation:[
− h¯
2∇2
2m
+ V (r)
]
φi(r) = εiφi(r) (2.9)
V (r) is an eetive external potential inluding the eet of all interating eletrons
in addition to the external potential. The Hohenberg-Kohn theorem implies that
the potential V (r) is totally determined by n(r) and it is unique.
The energy funtional is onveniently rewritten as:
E [n(r)] = T0 [n(r)] + EH [n(r)] +
∫
n(r)vextn(r) d
3r+ Exc [n(r)] (2.10)
where T0 is the kineti energy of the non-interating eletron system, EH is the
Hartree energy, namely the Coulomb interations between louds of harge, and Exc
is the exhange-orrelation energy, that ontains all the unknown informations. It
is dened as:
Exc [n(r)] = T [n(r)]− T0 [n(r)] + Vee [n(r)]−EH [n(r)] (2.11)
Using the variational priniple, one obtains the Kohn-Sham equations
[29℄
:[
− h¯
2∇2
2m
+ VH(r) + Vxc [n(r)] + Vext(r)
]
φi(r) = εiφi(r) (2.12)
VH and Vxc are the potentials assoiated to the Hartree and the exhange-orrelation
energies, and an be expressed as:
Vxc [n(r)] =
δExc [n(r)]
δn(r)
VH(r) = e
2
∫
n(r′)
|r− r′| d
3r′φi(r)
(2.13)
The Kohn-Sham equations are standard dierential equations; an eetive potential
VKS(r) appears, due to the nulear, the Hartree and the exhange-orrelation terms:
VKS(r) = VH(r) + Vxc [n(r)] + Vext(r) (2.14)
In DFT simulations, one makes an initial guess on the eletron density, as an
be seen in Fig. 2.1, and proeeds solving the Kohn-Sham equations to alulate
new orbitals. If the results are self-onsistent, the DFT alulation ends and the
orbitals are used to alulate all the physial quantities of the system; otherwise, the
new eletroni density, obtained with the new orbitals, is used to repeat the yle
until the onvergene is ahieved. With the Kohn-Sham orbitals and their energies
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Initial guess
n(r)
Construting the eetive potential
VKS(r) = VH(r) + Vxc [n(r)] + Vext(r)
Solving the Kohn-Sham equations[
− h¯2∇22m + VKS(r)
]
φi(r) = εiφi(r)
Calulating the eletron density
n(r) =
∑
i |φi(r)|2
Self-
onsistent?
Output results
n(r), E [n(r)]
No
Yes
Figure 2.1: Flow hart of the DFT self-onsistent alulation.
determined, is possible to alulate the ground state energy, with the following
expression:
E =
∑
i
εi − 1
2
∑
ij
〈φiφj| e
2
rij
|φiφj〉+ Exc [n(r)]−
∫
n(r)Vxc(r) d
3r (2.15)
The orbital energies εi do not have a diret physial meaning, being just Lagrange
multipliers, although their dierenes an be used as very rough approximations for
the exitation energies.
2.1.1 Approximations for the exhange-orrelation energy
In the derivation of the Kohn-Sham equations, all the unknown terms are hidden
into the exhange-orrelation energy. However this funtional is not of any pratial
use, beause it is totally unknown, hene some approximations must be done. The
most popular is the loal density approximation (LDA), introdued by Kohn and
Sham
[29℄
. The exhange-orrelation funtional is written as:
ELDAxc [n(r)] =
∫
εxc(n(r))n(r) d
3r (2.16)
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εxc(n(r)) is the many body exhange-orrelation energy per eletron of a homoge-
neous gas. The exhange-orrelation potential takes the form:
V LDAxc [n(r)] =
δELDAxc [n(r)]
δn(r)
= εxc(n(r)) + n(r) +
dεxc(n(r))
dn(r)
(2.17)
A numerial expression for εxc(n) an be obtained by Monte Carlo alulations
[27,30℄
:
εxc(rs) =

− 0.9164
rs
− 0.2846
1 + 1.0529
√
rs + 0.3334rs
rs ≥ 1
− 0.9164
rs
− 0.0960 + 0.0622 ln rs − 0.0232rs + 0.0040rs ln rs rs ≤ 1
(2.18)
The result is expressed in Rydberg, while rs is a dimensionless parameter related to
the eletron density, and dened as:
4
3
pi(rsaB)
3 =
1
n
(2.19)
where aB = 0.529 Å is the Bohr radius. The LDA was introdued in analogy with
the Slater loal approximation
[31℄
of the exhange potential in the Hartree-Fok
equations. In these equations there is not an exhange-orrelation terms, but an
exhange potential Vx appears. The exhange potential in HF theory is a nonlo-
al operator, so to failitate the omparison the Slater loal approximation an be
onsidered:
Vx(r) = −3
2
e2
pi
[
3pi2n(r)
] 1
3
(2.20)
whih ould be onsidered the exhange-only part of the Eq. 2.17. In this sense, the
DFT is an extension of the HF theory.
LDA fails when spatial density utuations are large and short ranged. Thus, a
more aurate approximations are needed speially in atomi and moleular sys-
tems, where the eletroni harge is loalized in spae. Usually gradient orretions
are introdued; the exhange-orrelation energy is written as a funtion of the loal
harge density and of its gradient, that is the generalized gradient approximation
(GGA):
EGGAxc [n(r)] =
∫
εxc (n(r),∇n(r)) d3r (2.21)
The LDA usually overrates the ohesive energy and the bond strenght; these prob-
lems are espeially orreted with GGA funtionals. Moreover the GGA improves
atomization energies, energy barriers, strutural energy dierenes, and it favors
density inhomogeneity more than LDA.
Among the most widely used GGA-based funtional is the PBE (Perdew, Burke and
Ernzerhof)
[32℄
. This kind of funtional has a pretty simple implementation of the
GGA, beause has few parameters; the energy funtional is written as:
EGGAxc [n(r)] =
∫
n(r)εx(n(r))Fxc (n(r), |∇n(r)|) d3r (2.22)
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Fxc is alled enhanement fator and is usually written in terms of the dimensionless
variables rs and s(r):
s(r) =
|∇n(r)|
2kFn(r)
(2.23)
The PBE funtional is build mainly taking into aount the energeti onstraints,
and ombines the LDA simpliity with the energeti orretions of the GGA.
However some inauraies still remain also with the GGA funtionals. The rst
is the impossibility to reprodue the van der Waals interations, due their nonloal
behaviour; another important is the underestimation of the band gap. To estimate
the band gap one has to alulate the exited states and their eigenvalues. The
DFT is a ground state theory and is not muh aurate to reprodue exited states;
moreover the Kohn-Sham orbitals and their energies are mathematial quantities,
with no physial meaning. In DFT the band gap is usually underestimated by a
40-50%, with LDA, little less GGA. For the same reasons, the slope of the bands at
K point in graphene is underestimated of 10-20% [33℄. This is due to the inability of
the approximated funtionals to reprodue the dependene of the real funtional on
the number of eletrons. Better agreement are obtained with nonloal funtionals
inluding a given portion of expliit exhange (suh as B3LYP
[34,35℄
or PBE0
[36℄
)
and with theories inluding the self energy (like GW theory
[37℄
), or using the Time-
dependent DFT
[38℄
whih evaluates the true eletroni exitation of the system self-
onsistently. However all of these approahes imply a notieable inreasing of the
omputational ost and annot generally be used for extended systems. Thus they
are beyond the sope of this Thesis work.
2.1.2 Van der Waals fores
The van der Waals fores are intermoleular interations aused by harge utua-
tions, attrative on long range and repulsive on short range. Even if they are weaker
than the ovalent or ioni bonds, they play an important role in many systems: for
example they are presents in the graphite, where they bind the graphene layers, or
in the seond arbon layer grown on SiC, that is bound to the buer layer by van
der Waals interations; moreover they play a main role at surfaes and interfaes,
where they are responsible of the orientation of the moleules. Van der Waals fores
inlude three kind of interations
[39℄
:
• Keesom fore: interation between two permant dipoles;
• Debye fore: interation between a permanent dipole and a orresponding
indued dipole;
• London fore: dispersion interation between two instantaneously indued
dipoles.
The latter is underestimated in the LDA or GGA funtionals due to its nonloal
harater. In fat it is aused by the dipole in a part of the system indued by the
harge utuations in another part.
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From a theoretial point of view the best way to reprodue the van der Waals
interations is to use a nonloal exhange-orrelation funtional
[3436℄
. However this
leads to a muh heavier alulation. A simpler approah is to add a semi-empirial
dispersion term to the DFT energy
[40,41℄
, like the method of Grimme, the DFT-D2.
With the DFT-D2 method the energy is written as:
EDFT−D = EDFT + Edisp (2.24)
where EDFT is the Kohn-Sham energy of Eq. 2.15 and Edisp is the empirial disper-
sion orretion:
Edisp = −s6
N−1∑
i=1
N∑
j=i+1
C ij6
R6ij
fdmp(Rij) (2.25)
N is the number of atoms, s6 is a saling fator that only depends on the type of
funtional, Rij is the distane between the i-th atom and the j-th and C
ij
6 is the
dispersion oeient for the atom pair ij. Finally fdmp(R) is a damping funtion,
used to avoid near-singularities for small interatomi distanes R. The dispersion
oeients C ij6 for dierent atomi speies are obtained by a geometri mean of
spei atomi C6 oeients:
C ij6 =
√
C i6C
j
6 (2.26)
In the alulation of the atomi C6 oeients, several observable enter, suh as the
ionization potential and the stati dipole polarizability.
The damping funtion is given by the following expression:
fdmp(R) =
1
1 + e−d(R/Rr−1)
(2.27)
where d is a parameter and Rr is the sum of atomi van der Waals radii.
Being an empirial implementation of the van der Waals fores, some limitations
remain. In partiular, the C6 oeients are alulated for isolated atoms in the
ground state, but the eletroni behaviour of an atom in a moleule or in a rystal
an be dierent.
2.2 Plane wave basis set
Kohn-Sham equations (Eq. 2.12) are generally solved expanding the orbitals in a
suitable basis set. Dierent basis sets an be hosen, eah one with their harater-
istis and benets. One of the most used in rystal strutures is the expansion of
the orbitals in a sum of plane waves, to take advantage of the lattie periodiity.
In a periodi lattie the Bloh theorem applies and the orbital wave funtions
an be written as:
φj,k(r) = e
ik · ruj,k(r) (2.28)
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k is a vetor of the rst Brillouin zone, while uj,k(r) is the Bloh funtion that has
the same periodiity of the lattie, and it an be expanded in a Fourier series:
uj,k(r) =
1√
Ω
∑
G
cj,k(G)e
iG · r
(2.29)
where Ω is the volume of the primitive ell in reiproal spae and G is a vetor of
the reiproal lattie. In a periodi lattie, also the Kohn-Sham eetive potential
must be periodi, namely VKS(r) = VKS(r+R), where R is a vetor of the Bravais
lattie, hene it an be expanded:
VKS(r) =
∑
G
V˜KS(G)e
iG · r
(2.30)
V˜KS(G) is the Fourier transform of the potential. With the plane wave basis, the
kineti energy operator is already diagonal, hene substituting the expansions of the
orbitals and of the potential in the Kohn-Sham equations one obtains:
∑
G
′
[
h¯ |k+G|2
2me
δG,G′ + V˜KS(G−G′)
]
cj,k(G
′) = εj,kcj,k(G) (2.31)
To limit the omputational ost, and sine the ontribution of the higher energy
plane waves is less than those of lower, the sum is trunated to a uto energy Ecut,
and done on all plane waves that satisfy:
h¯2 |k+G|2
2me
< Ecut (2.32)
The uto energy is an input parameter of all the plane waves-based DFT simula-
tions and is system dependent, hene it must be setted empirially after few tests.
The higher its value, the more aurate are the results of the simulation, but also
heavier the omputation. Hene a ompromise must be found. This is also hosen
onsidering the alulation of the eletroni density:
n(r) =
occ∑
j
∫
Ω
d3k
Ω
|φj,k(r)|2 =
∑
G
n˜(G)eiG · r (2.33)
whih also requires a uto En−cut. Sine the eletroni density is the square of the
orbitals it an vary twie as rapidly, hene the uto must be higher, or at least
equal, than the orresponding for orbitals for an aurate representation:
h¯2 |G|2
2me
< En−cut (2.34)
Again the hoie of En−cut must be in balane between an high auray and a heap
alulation.
The plane wave expansion is widely used in DFT simulations, beause has some
benets: the basis set is independent of atomi speies or positions, and the swith
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between real and reiproal spae is done by fast Fourier transform (FFT), a very
eient algorithm. However the plane wave expansion an only address periodi
systems. Non periodi system (e.g. moleules) are approximated using periodi
systems with superells large enough to leave a suient amount of empty spae be-
tween moleules. Another problem is the representation of the very loalized orbitals
whih would require very large energy and density utos: this problem partiularly
rises with ore eletrons. To address this problem, the onept of pseudopotential
was introdued
[42℄
.
2.2.1 Pseudopotential and ultrasoft pseudopotential
In a rystal, the eletrons of an atom an be separated in ore and valene ones. The
former stay in loalized states and do not ontribute to the hemial properties of the
material. Hene they do not dier muh passing from isolated atoms to moleules
or rystal. Conversely the valene eletrons determine the binding properties of
the struture. Sine the problem of a bad representation of the loalized states in
the plane wave expansion aets speially the ore eletrons, the pseudopotential
method abandon their expliit desription, substituting the real potential in the ore
region with an appropriate pseudopotential. Core eletrons are onsidered frozen
and the studied system is then omposed of ions, formed by nulei and ore eletrons,
and valene eletrons. The orresponding pseudo wave funtions must represent the
real ones only outside the ore region, without worrying of the hemially inert ore
states. Moreover the valene states, that rapidly osillate lose to the ore region,
are made smoother.
The most ommon forms of pseudopotential are the norm-onserving and the ul-
trasoft. Norm-onserving pseudopotentials are onstruted to enfore the ondition
that the norm of a pseudo wave funtion is equal to the orresponding all-eletron
wave funtion, namely that the total pseudo harge and real harge of the system
are idential outside the ore radius. However this kind of pseudopotentials requires
an high uto energy to ahieve a good auray
[43℄
.
Ultrasoft pseudopotentials were developed
[44℄
with the spei purpose of redu-
ing the omputational ost, relaxing the norm-onserving onstraint. The ultrasoft
pseudopotential take the form:
VPS = VL + VNL (2.35)
where VL is the loal part of the pseudopotential that takes into aount the Coulomb
interation between eletrons and nulei, while VNL is nonloal and desribes the
interation between ore and valene eletrons, inluded the orthogonalization on-
straint. For a one-eletron atom, the attrative potential is spherially symmetri,
hene the solutions may be split into a radial and an angular part. In a many parti-
le system, the DFT approah leads to an analogous Shrödinger equation for eah
orbital, the Kohn-Sham equation. This means that the eetive potential depends
only on the radial variable, namely VKS(r) = VKS(r). Hene also the loal term of
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the pseudopotential depends on one variable:
VL(r) =
{
Vcore(r) r < rC
VAE(r) r > rC
(2.36)
where rC is the ore radius, namely the distane at whih the pseudopotential and the
pseudo wave funtion math the all-eletron (AE) orresponding values, as visible
in Fig. 2.2.
Figure 2.2: Solid line for the all-eletron potential and wave funtion, dashed line for the pseu-
dopotential and the pseudo wave funtion. The uto radius is also visible.
The ultrasoft pseudopotentials allow a muh lower uto energy values, making
the omputation heaper and faster. Without a norm-onserving onstraint, the ore
radius rC an be inreased to larger values than norm-onserving pseudopotential,
but this gives rise to the need of an higher plane wave uto En−cut for the eletroni
density, that is typially several times the uto energy Ecut used for the wave
funtions.
2.3 Strutural optimization
One all the details of the eletroni and nulear interations and of alulations
are set, one an proeed exploring the ongurational or phase spae. The simplest
ation to take is the searh for loal minima of potential energy upon variation of the
atomi oordinates, namely the strutural optimization. In the Born-Oppenheimer
approximation, the eletroni density and the relaxation of the struture are alu-
lated separately, hene the ioni positions R beome parameters of the eletroni
Hamiltonian and density. Using the Hellmann-Feynman theorem, the fore ating
on the J-th ion is [27℄:
FJ = −∂E(R)
∂RJ
=
∫
n(r;R)
∂
∂RJ
zJe
2
|r−RJ | d
3r− ∂
∂RJ
∑
I 6=J
zIzJe
2
|RI −RJ | (2.37)
where zI and zJ are the atomi numbers and R indiate the array of positions of all
atoms, while R is the position of a single one.
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Initial oordinates
R1, . . .RN
DFT self-onsistent alulation
n(r;R), E [n(r;R)]
Calulating the fores
FJ = −∂E(R)∂RJ
Converged?
Output results
R′1, . . .R
′
N
n(r;R), E [n(r;R)]
New oordinates
R′1, . . .R
′
N
No
Yes
Figure 2.3: Flow hart of the strutural optimization.
Knowing the fores ating on them, the atoms are shifted onsequently and a
new eletroni optimization, namely a new DFT self-onsistent alulation is done to
obtain the new harge density. This yle is repeated until onvergene. Generally
the onvergene is dened by two threshold parameters, one for the fores and the
other for the energies. The rst is the maximum value that the fore ating on any
atoms an have at the onvergene. The latter, instead, is related to the energy
dierene between two onseutive self-onsistent steps: the onvergene riterion is
satised if this dierene is smaller than the threshold parameter. The onvergene
is ahieved only if both riteria are satised
[45℄
.
2.4 Brillouin zone integration
As an eet of the expansion of Eq. 2.29, the Kohn-Sham eigenvalues are solutions of
an eigenvalue problem that depends on k, hene the total energy must be alulated
by an integration on k over the Brillouin zone. The integral is onverted into a
disrete sum on Nk spei k-points, that have to be uniformly distributed in the
Brillouin zone
[46℄
. A widely used proedure to determine the set of points is the one
introdued by Monkhorst and Pak
[47℄
, with the formula:
kn1,n2,n3 =
3∑
i=1
2ni −Ni − 1
2Ni
Gi (2.38)
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where i indiate a diretion, Ni are the number of k-points along the i-th diretion,
ni = 1, . . . , Ni and Gi are the primitive vetors of the reiproal lattie.
Obviously inreasing the number of sampling points the auray of the inte-
gration improves, but the alulation beomes heavier, beause the orresponding
Kohn-Sham orbitals must be alulated. A way to lighten the alulation with-
out loss of auray is to exploit the symmetry of the Brillouin zone, reduing the
integration region. Points in the reiproal spae grid generated for the Brillouin
zone integration are usually onneted to eah other by symmetry operations. Using
these operations, the points to be used in the integration may be redued to what
is known as the irreduible Brillouin zone (IBZ), as shown in Fig. 2.4. If f(k) is a
funtion in reiproal spae, its integral beomes:∫
BZ
d3k
Ω
f(k) =
1
Nk
BZ∑
k
f(k) =
IBZ∑
k
wkf(k) (2.39)
where Nk is the number of k-points sampled, and wk is the weight of eah k-point.
 M
K
Figure 2.4: Irreduible Brillouin zone in yellow for an hexagonal lattie.
2.4.1 Gaussian smearing
Integrating on the irreduible Brillouin zone over the lled states for metalli materi-
als an ause some inauraies. In fat in insulators and semiondutors the Fermi
energy lies on the energy gap, hene the density of states (DOS) vanishes smoothly
in proximity of the gap. For metals, instead, the gap is null and the sampling of
k-points implies that the states near the Fermi energy are not well desribed. The
integral over the lled states of a funtion f(k) is made multiplying it with a step
funtion θ(E(k)− EF ):∫
BZ
d3k
Ω
f(k)θ(E(k)−EF ) =
IBZ∑
k
wkf(k)θ(E(k)−EF ) (2.40)
where EF is the Fermi energy. The inauraies for metals originate from the di-
ulty on the reprodution of the step funtion in plane waves.
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In order to overome this problem, an artiial smearing is introdued, replaing
the step funtion with a smoother one. This implies that states over the Fermi
energy are partially oupied, hene an artiial temperature is introdued. Several
smearing methods have been developed, starting from the Fermi-Dira distribution,
but one of the widest used is the gaussian smearing, where the step funtion is
replaed by this expression:
fGS(E) =
1
2
[
1− erf
(
E − EF
σ
)]
(2.41)
erf(x) is the error funtion and σ is the smearing parameter, that has no physial
interpretation. The parameters for the smearing funtion are set in the preliminary
phases of the alulation by means of tests.
2.5 DFT implementation in the ode Quantum
ESPRESSO
Calulations and simulations of this Thesis work were performed with Quantum
ESPRESSO. Quantum ESPRESSO (QE), aronym for opEn Soure Pakage for
Researh in Eletroni Struture, Simulation, and Optimization
[48℄
, is a software
suite for eletroni struture alulations and materials modeling, based on density
funtional theory (DFT), plane wave expansion and pseudopotentials. The softwares
are written using several programming languages, mainly Fortran-95, but also Tl,
Fortran-77 and C, plus parts of external libraries. A key feature of QE is the
implementation of OpenMP and MPI libraries, that allow the parallelization and
salability of simulations on multiores omputers.
The main physial quantities that an be alulated with simulations performed
using QE are:
• Kohn-Sham orbitals and ground state energy for isolated or periodi systems,
also for spin-polarized systems;
• strutural optimization;
• eletroni density of the ground state and of its projetions in seleted energy
intervals;
• eletroni struture in Kohn-Sham approximation and orrelated properties;
• phonon dispersions, plus eletron-phonon and phonon-phonon interations and
stati response funtions;
• moleular dynamis using the Car-Parrinello method.
A more detailed and pratial view of the software is reported in App. A.1.
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Chapter 3
Results: strutural and eletroni
properties of orrugated graphene
with and without eletri elds
This hapter reports the original results of this Thesis work. These are organized
as follows. The model systems and spei alulation protools are rst desribed.
The model system onsidered are: the free standing graphene layer, at and with
a orrugation mimiking that of graphene on SiC, with and without substitutional
B and N doping; the SiC substrate with buer layer and with buer plus mono-
layer graphene. The alulated strutural, energeti and eletroni properties of the
model system are then reported without and with external eletri elds of dierent
intensities and diretions.
3.1 Model systems and alulation protools
3.1.1 Superell denitions
Considering the symmetry of the ripples of graphene grown on SiC illustrated in
Se. 1.2, three dierent graphene ells were used for simulations in this work. These
are shown in Fig. 3.1(a): the red one is the unit ell, inluding two arbon atoms and
with a ell vetor a = 2.46 Å; the blue one is the 4
√
3×4√3R30 that approximately
reprodues the periodiity of graphene grown on SiC with lattie onstant 17.04 Å;
the green one is the 13×13 that reprodues the exat periodiity of the SiC-graphene
interfae, with a lattie onstant of 31.93 Å. This ell was used for simulations of the
buer and monolayer graphene on SiC, thus inluding several layers of the substrate
also, for a total up to 1648 atoms.
Due to the plane wave expansion, there is also a periodiity along the z dire-
tion in addition to that on the xy plane, hene the simulated systems are in fat
multilayers instead of free standing layers. To simulate as far as possible isolated
systems, the lattie onstant c, namely the ell height, must be large enough to
avoid interations between two layers. The ell height varies from 20.0 Å to 31.3 Å
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(a)
K
KM
M

(b)
Graphene SiC
Unit ell -
4
√
3× 4√3R30 ∼ 6× 6
13× 13 6√3× 6√3R30
Figure 3.1: (a) The three superells used in alulations and simulations and (b) their orre-
sponding Brillouin zones. The olor ode and the labeling of the ells with respet to the lattie
of graphene and SiC are reported in the Table at the bottom.
depending the superell studied (see below), thus leaving 15-20 Å of empty spae
between layers.
As it an be seen in Fig. 3.1(b), inreasing of the ells size redues the Brillouin
zone. This leads to two onsequenes: the rst is that a smaller Brillouin zone
requires a less intensive sampling for the integration to ahieve the same auray
in alulations. This aspet will be disussed in detail in Se. 3.1.3. The seond is
that, as it an be seen in Fig. 3.1(b), the refolding of the Brillouin zone of the bigger
ells into that of the unit ell, ombined with the 30◦ rotation in the ase of the
4
√
3× 4√3R30, generates a remapping of the high simmetry k-points, summarized
in Tab. 3.1. In partiular this implies that the Dira point is remapped onto the Γ
point in the 4
√
3× 4√3R30 ell.
Unit ell 4
√
3× 4
√
3R30 13× 13
Γ Γ Γ
M Γ M
K Γ K
Table 3.1: Remapping of the high symmetry k-points due to the refolding.
Unit ell
The unit ell of graphene inludes two arbon atoms at a distane of 1.42 Å. It was
used for preliminary simulations and test, in partiular for setting the z periodiity
for larger ells and for the analysis of the eletroni behaviour under high eletri
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eld (see below). The lattie onstant is 2.46 Å, while for the ell height the nal
value of c = 20.0 Å was hosen.
4
√
3× 4
√
3R30 ell
The 4
√
3 × 4√3R30 ell reprodue approximately the periodiity of the ripples of
graphene grown on SiC, and inludes 96 atoms. The lattie vetor lenght is equal
to 17.04 Å and the ell height is set to 20.0 Å. Ripples were reated by lateral
ompression. This is ahieved by reduing the lattie parameter of 2%, to a value of
16.70 Å. This value was hosen beause it was shown to reprodue the experimental
amplitude of natural ripples of graphene on SiC
[49℄
.
B C N
(a) Graphene (b) BN-graphene () N-graphene
Figure 3.2: The three systems studied with the 4
√
3 × 4√3R30 ell. All these were simulated
also with the rippled struture.
Besides pure graphene, this ell was used also for simulations of doped graphene,
with boron and nitrogen atoms, in two dierent onguration, named BN-graphene
and N-graphene, shown in Fig. 3.2: all the ell parameters are left unhanged with
respet to the undoped graphene. In the BN-graphene two arbon atoms are replaed
by boron and nitrogen; the boron atom is plaed at the enter of the ell (where
the rippled struture reahes its maximum height within a onavity over the plane
of the at ell), while the nitrogen one is at the vertex. In N-graphene, one arbon
atom is replaed by a nitrogen atom.
The aim of these studies with substitutional doping is to investigate if these
substitutions an alter the exoeletri properties of graphene. The spei hoie
of the loation of substitution is indiated by experimental feasibility. In fat one
way to reate substitutional doping is to expose rippled graphene to substituents,
and presumably these will loate on the more reative sites (namely the onvex
ones at the enter of the ell), thus reating a struture similar to N-graphene, for
instane. The struture of BN-graphene is onsidered as the simplest possible B
and N substituted graphene, whih also as the advantage of being isoeletroni with
pure graphene.
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13× 13 ell with substrate
The 13 × 13 ell was used for simulations of graphene with the SiC substrate. The
in plane ell vetor is 31.93 Å while c is 31.3 Å. The SiC substrate is implemented
with four layers, enough to extinguish the bulk rearrangement, and at the bottom
surfae the dangling bonds are saturated by hydrogen atoms. The thikness of this
struture plus the buer layer is 11.3 Å, hene to have a vauum zone of 20.0 Å the
ell height c is inreased to 31.3 Å. Two systems were simulated with this ell, the
buer layer over a SiC substrate (Fig. 3.3) and a graphene monolayer over the buer
layer (Fig. 3.4).
H C Si
(a) (b) ()
Figure 3.3: (a) Top and (b) side view of the buer layer struture simulated; the arbon layer
was initially plaed at 2.0 Å from the SiC surfae. () Top view of the arbon layer added to the
SiC.
Starting from the SiC struture, the buer layer system was built adding 338
arbon atoms arranged to form a layer at an average distane of 2.0 Å from the
Si-terminated surfae. The buer layer is omposed by 108 hydrogen atoms, 770
arbon and 432 silion, for a total of 1310 atoms.
H C Si
(a) (b) ()
Figure 3.4: (a) Top and (b) side view of the graphene layer on SiC struture; the graphene layer
was plaed at a main distane of 3.3 Å from the buer layer. () Top view of the two arbon layers
over the SiC: one an see the AB staking of the layers.
For the graphene monolayer on SiC system, the same ell parameters of the
buer layer were used. As an be seen in Fig. 3.4, the system was built adding a
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seond graphene layer (338 arbon atoms) on the relaxed buer layer struture, at
a mean distane of 3.3 Å and with AB staking. Hene the system is omposed
by 1648 atoms, of whih 1108 are arbon atoms, while hydrogen and silion remain
unhanged from the buer layer system, with 108 and 432 respetively. The presene
of the graphene monolayer makes that the struture is no more entered on the z
diretion and the vauum zone is redued to 16.6 Å.
3.1.2 Eletrostati eld
All the free standing graphene systems were simulated with and without an eletri
eld orthogonal to the graphene sheet up to values of about 40 GV/m, while for the
graphene on SiC the eld parameters were set for future simulations. Adding a stati
eletri eld is made a omplex task due to the periodiity along the z diretion.
In fat the potential generating the eletri eld must be periodi as well, thus it
annot be an indenitely linear inreasing as the potential generating a uniform
eletri eld should be. Hene a sawtooth like funtion is used. In order to avoid
the numerial instabilities generated by a real sawtooth, the eletrostati potential
is designed to drop smoothly in a region whih is dened by the input parameters.
The systems must be loated inside the region of hF length where the eletri eld is
uniform (Fig. 3.5). Indiating with c the height of the ell, the systems are loated
at the oordinate c/2 and the region hF is entered around that point, in order to
avoid the drop zone.
0 c zc
2
VEL
hF
Figure 3.5: Shemati representation of the ell along the z diretion. The eletrostati potential,
in red, has the sawtooth like shape and the periodiity of c, the ell height. The system is plaed
at the enter of the ell, on the c/2 position, and is represented by the big blue eletroni harge
distribution; with high eletri eld, some harge an be teared o and it aumulates on the well
formed by the hange of slope of the potential. The region hF is where the eletri eld is equal
to the value set by input.
To enhane the response of the systems, high values of the eletri eld have
also been implemented in this Thesis work. This implies that, in some ases, the
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ionization limit is reahed and harge is teared o from the atoms. Due to the
periodi sawtooth shape of the potential, this free harge aumulates in the region
where the eletrostati potential hanges slope. In order to evaluate the eet of this
aumulation, preliminary tests were performed to properly hoose the parameters
c and hF . For the unit ell and the 4
√
3 × 4√3R30 ell the region hF has a size of
15.0 Å, while for the 13× 13 ell it is set to 23.5 Å, keeping the same ratio between
the lenghts of the hF region and the drop zone of the two others ell. A summary
of the main harateristis of all the systems is shown in Tab. 3.2.
System Cell type
a c hF Number
(Å) (Å) (Å) of atoms
Graphene Unit ell 2.46 20.0 15.0 2
Flat graphene
4
√
3× 4√3R30 17.04 20.0 15.0 96
Rippled graphene 16.70
Buer layer
13× 13 31.93 31.3 - 1310
Graphene on SiC 23.5 1648
Table 3.2: Main harateristis of the simulated systems.
3.1.3 Setting of alulation parameters
Calulations were performed using PBE pseudopotentials with van der Waals semi-
empirial orretion. The uto energy for the plane wave expansion was set after
a onvergene test on the unit ell, whih results are reported in App. B.1. The
uto energy for the plane waves was setted to 30 Ry, while the uto energy for
the eletroni density to 300 Ry.
As disussed in the previous setions, with a bigger ell the orresponding Bril-
louin zone is smaller. This means that a lower sampling is neessary to ahieve a
good onvergene in results. Convergene tests were made for the unit ell and the
4
√
3× 4√3R30 ell with dierent grid sampling in the reiproal spae, whose data
are reported in App. B.2. For the unit ell a 15 × 15 grid was hosen, while for
the 4
√
3 × 4√3R30 ell only the Γ point was sampled. Finally for the 13× 13 ell,
being bigger than the 4
√
3 × 4√3R30 and hene having a smaller Brillouin zone, a
onvergene study was not done and the Γ point sampling was used.
For the eletroni optimizations, namely the DFT self-onsistent alulations, the
onvergene riterion was setted to 10−8 Ry, while for the struture optimizations
the QE default riteria were used, equal to 10−3 au for the fores and 10−4 au for
the energy (au are Hartree atomi units).
Graphene is a semi-metalli material hene a smearing method is neessary to
aurately integrate over the Brillouin zone (see Se. 2.4.1). The gaussian smearing
was used and it was set to a value of 0.02 Ry for the unit ell and of 0.01 Ry for the
others two ells. All the parameters values are summarized in Tab. 3.3.
CHAPTER 3 - Results: properties of orrugated graphene 41
3.1.4 Protools for eletroni strutures and geometry opti-
mization alulations
The ohesive energy for strutures at null eletri eld is evaluated based on the
standard denition:
Ecoh = Estruct −
∑
i
NiEi (3.1)
where Estruct is the struture energy as obtained by output by QE, Ni is the number
of i atoms in the struture and Ei is the energy of the free i atom, alulated with
another simulation of one i atom in a large ell with the same parameters. When
an eletri eld is added, both Estruct and Ei should be evaluated in the eletri
eld. However this quantity is not easy to evaluate aurately, due to the high
polarizability and ionizability of isolated atoms, nor it is the most interesting for
this work purposes.
Hene the formation energy referred to the isolated atoms energy in the null eld
is evaluated:
Ef (F ) = Estruct(F )
∑
i
NiEi = Ecoh(F ) + Efield(F ) (3.2)
At variane with the ohesive energy, Ef is expeted to derease with eletri eld
F , sine it inludes the interation between the polarized system and the eletri
eld.
For the eletroni bands struture and the density of states (DOS), dierents
reiproal spae sampling shemes were used, depending on the ell. For the unit
ell, 250 points were sampled along the Γ−M−K− Γ path for the band struture
alulations, and a grid of 50×50 was used for the DOS alulations. An analogous
sampling for the other two ells would have lead to a too heavy alulation, hene,
thanks to the smaller Brillouin zones, a sparser samplings were used, onsisting of
100 points along the Γ−M−K−Γ path for the band struture alulations, and a
grid of 15× 15 for the DOS alulations. All parameters are reported in Tab. 3.3.
Parameter Unit ell 4
√
3× 4
√
3R30 13× 13
Ecut 30 Ry
En−cut 300 Ry
El. onvergene 10−8 Ry
Str. for. onv. 10−3 au
Str. en. onv. 10−4 au
Gaussian smearing 0.02 Ry 0.01 Ry
k-point grid 15× 15× 1 Γ
k-point along Γ-M-K-Γ 250 100
k-point grid (DOS al.) 50× 50× 1 15× 15× 1
Table 3.3: Main alulation parameters for the studied ells.
Eletroni density were evaluated, and STM images were simulated. For the
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latter, a range of energy states of ±0.1 eV around the Fermi energy was seleted
and the eletroni isosurfae level was set optimizing to the quality of images.
For the 4
√
3 × 4√3R30 ell, rippled strutures were also simulated. To obtain
a rippled struture, the ell was ompressed at 2% of its relaxed value and the
struture relaxed after superimposing a small bell shape displaement to guide the
ripple formation, as desribed in App. B.3. This rippled struture was subsequently
used for further relaxations within eletri eld.
3.1.5 Curvature evaluation and exoeletriity model
To evaluate the exoeletroni properties of graphene, the measure of the loal
urvature is neessary. The prinipal urvatures that appear in Eq. 1.9 annot be
alulated, beause they are obtained from the Hessian of the surfae. Due to the
disrete nature of the studied surfaes, the Hessian is not well dened. Previous
works
[26,49℄
have onsidered the loal urvature of the i-th atom by the improper
dihedral angle φi formed by the arbon atom and its three rst neighbours, as
shown in Fig. 3.6(a), whih has positive or negative values depending on onvexity
and it is null when the struture is at. Some graphene properties, like the band
gap opening at high bending
[49℄
, seem to be orrelated to the root of the average on
all atoms of φ2, that is a measure of the average urvature.

(a)
l
(b)
Figure 3.6: Loal urvature of a rippled struture. (a) Improper dihedral angle φ. (b) Denition
of the variables used for the alulation of the loal urvature: d is the height of the atom over the
plane of its rst neighbours and l is the distane between one rst neighbour and the projetion
of the entral atom on the neighbours plane; in orange the loal sphere radius.
For eah atom, three improper dihedrals are dened, and φi is dened as theirs
average value. Indiating, as in Fig. 3.6(b), with d the height of the i-th atom over
the plane of its rst neighbours and with l the distane between eah rst neighbour
and the projetion of the entral atom on the neighbours plane, in the assumption
that is the same for all neighbours, the improper dihedral angle φi is alulated as
follows:
φi = sgn(d) arccos
l√
4d2 + l2
(3.3)
For small angles and heights the expression an be approximated with Taylor ex-
pansions:
φi ≈ 2dl
d2 + l2
(3.4)
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Fig. 3.7(a) reports the improper dihedral for the graphene rippled struture relaxed
at 2% ompression and the two analytial funtions of Eq. 3.3 and Eq. 3.4. As an
be seen, the approximated funtion reprodues pretty well the exat one for angle
up to about 20◦. For the studied strutures, the improper dihedrals rarely overome
this value.
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Figure 3.7: (a) Improper dihedral angle as a funtion of the height d. The exat and the
approximated funtions are reported. (b) Loal urvature ki as a funtion of the improper dihedral
angle φi. (a) (b) All the data reported, in red, are from the the relaxed rippled ell at 2%
ompression.
The prinipal urvatures of Eq. 1.9 have the units of the reiproal of length,
hene it is useful to orrelate the improper dihedral with a quantity with the same
units. Using again d and l, the loal urvature, indiated by ki, an be redened
as the reiproal of the sphere radius Ri that touhes the i-th atom and its three
neighbours. Like for the improper dihedral angle, also for the loal radius there are
three values per atom, one for eah neighbour, and Ri is dened as their average
value. By simple geometrial onsiderations:
Ri =
l2 + d2
2d
(3.5)
For small improper dihedral angles, the loal urvature ki depends linearly on φi, as
an be seen in Fig. 3.7(b):
ki =
2d
l2 + d2
=
φi
l
(3.6)
The same dependene on the average φ2 is expeted for phenomenons that involve
the bending. The average urvature k of a struture was alulated as the root of
the average of the square loal urvatures:
k =
√√√√ 1
N
N∑
i=1
k2i =
√√√√ 1
N
N∑
i=1
1
R2i
(3.7)
N is the number of atoms of the ell.
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Clearly, in this way only a single loal urvature is valuable, whih is the average
of the two prinipal ones. Thus a simplied formula with respet to the Eq. 1.9
must be used to relate urvature and eletri eld:
k(F ) = ηF (3.8)
where η is the ratio between the exoeletri onstant f and the bending stiness,
and it is the parameter that was evaluated in this work.
3.1.6 Computational resoures
Two dierent omputing systems were used to perform the simulations. Test and
lighter alulations (basially those on unit ell) were performed on loal 12 ores
workstations. Heavier alulations were performed using the FERMI superomputer
at CINECA, one of the most powerful in the world and the most in Italy, whih ex-
ploits a massive parallelization
[50℄
. FERMI is a IBM BlueGene/Q system omposed
by 10 240 PowerA2 ompute nodes eah with 16 GB of RAM and 16 ores that work
at 1.6 GHz, for a total of 163 840 ores and a peak performane of 2.1 PFlop/s.
The starting of a simulation on FERMI means enter into a queue whose position
is determined aording to the omputational resoures required, namely the number
of nodes and the simulation time, that must be setted in advane following the
default lasses. The omputational resoures are obtained through grants upon
presentation of a spei projet subjet to peer review.
3.2 Results
3.2.1 Free standing pure graphene
The free standing pure graphene was simulated with the unit ell and the 4
√
3 ×
4
√
3R30 ell, and in the latter ase with a at and a rippled struture. A study on
the lattie onstant for the 4
√
3 × 4√3R30 at ell was made (details in App. C).
The minimum of the ohesive energy is at a value of 16.9914 Å, orresponding to a
C-C bond lenght of 1.4160 Å. The ohesive energy per atom at this lattie onstant
is −8.4753 eV. For the at graphene, the lattie vetor lenght of 17.04 Å was nally
used.
The optimized struture of rippled graphene ompressed at 2% is reported in
Fig. 3.8 and its ohesive energy per atom is −8.7670 eV. The STM-like images are
reported in Fig. 3.9. As it an be seen, they show a quantitative agreement with
those of Fig. 1.9.
The eletroni struture of the at and rippled systems are shown in Fig. 3.10. A
omparison between the bands of the at unit ell with that of the at 4
√
3×4√3R30
ell (panels (a) and (b)) learly shows the refolding (with multipliation of the bands)
and onsequent remapping of the Dira point in Γ. Conversely, the DOS (panels
(d) and (e)) oinide within the numerial error, as expeted sine the two systems
physially oinide and must have the same eletroni struture.
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Figure 3.8: (a) Top view of the optimized ripple struture. (b) Top view of same struture with
eight periodi opies. The olor sale indiates the dierent heights of the atoms, red for the lower,
blue for the higher. () Atoms height along the x and y paths indiated in (a). (d) Atoms height
along the two diagonals, as indiates in (a).
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() (d)
Figure 3.9: (a) Total eletroni density and (b) STM simulated image of the at 4
√
3× 4√3R30
ell. () Total eletroni density and (d) STM simulated image of the rippled 4
√
3× 4√3R30 ell.
Isovalue set to 0.001 Bohr−3.
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The omparison between the panels (b) and (), and (e) and (f), shows the
eet of the rippling on the eletroni struture. The rst observation is that the
system does not show appreiable band gap opening at this small rippling level
(while it is known that it happens at higher bending levels
[49℄
), thus preserving the
peuliar graphene eletroni properties. It an be observed, however, a small band
splitting above 1.5 eV and below −1.5 eV, ompatible with symmetry breaking. As
a onsequenes, irregularities in the DOS an be seen (e.g. an indentation at about
−6 eV).
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Figure 3.10: (a) (b) () Band struture for (a) the unit ell, (b) the 4
√
3× 4√3R30 ell with at
struture and () the 4
√
3×4√3R30 ell with rippled struture. The bands in blue are those below
the Fermi energy, while the ones in red are above. (d) (e) (f) DOS for (d) the unit ell, (e) the
4
√
3 × 4√3R30 ell with at struture and (f) the 4√3 × 4√3R30 ell with rippled struture in
blak overlapped to the equivalent at struture in red.
3.2.2 Free standing graphene in eletri eld
The results of at and rippled graphene in eletri eld are reported in this setion.
The eletri elds are here allowed to vary in a wide range, reahing also very high
values to quantitatively enhane the eets on the system, up to 40 GV/m, wih
urrently ould be reahed only with oherent eletromagneti radiations in the
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THz range [5153℄. Due to the high value of the eletri eld, a preliminary study to
determine over whih threshold the system is ionized, was performed.
Ionization threshold of at graphene
The study of the ionization threshold was performed by embedding the unit ell (two
arbon atoms) in inreasing eletri elds up to 41.1 GV/m. The system remains
at so to separate the eletroni from the strutural hanges due to the eletri
eld. Data are reported in Tab. 3.4 and Fig. 3.11 and show a threshold above whih
the harge starts to be removed from graphene, whih an be loated at 6.7 GV/m.
Above the threshold, the depleted harge inreased linearly with the eld, following
the law δ(F ) = βF + δ0, with F the eletri eld (the tted parameters are reported
in Fig. 3.11). Non negligible values of the depleted harge (namely larger than 1%)
are obtained for elds of the order of 10 GV/m. At the highest elds onsidered,
the ionization level is ∼ 0.09 e/atom.
F q
δ
(GV/m) (e/atom)
5.1 0 0
6.4 0 0
6.7 0.0000005 0.00000013
7.1 0.00172 0.000429
7.7 0.00380 0.000951
10.3 0.00950 0.00237
15.4 0.0233 0.00582
20.6 0.0371 0.00926
25.7 0.0505 0.0126
30.9 0.0636 0.0159
36.0 0.0763 0.0191
41.1 0.0886 0.0222
Table 3.4: Depleted harge per arbon atom, q, and ratio of depleted harge per eletron, δ at
dierent eletri elds. Charges are measured in unit of e.
The energies per atom referred to the isolated atoms at null eletri eld, namely
Ef (F ) as dened in Eq. 3.2, are reported in Tab. 3.5 and Fig. 3.12. From the analysis
of these data, the polarizability of the system an be evaluated. To separate the
simple polarizability from the ionization, the data are analysed separately below
(Tab. 3.5(a)) and above (Tab. 3.5(b)) the threshold. Below the threshold, one an
write:
Ef(F ) = Ecoh − 1
2
αF 2 (3.9)
where Ecoh is the ohesive energy of the struture at null eld and α is the polariz-
ability. Using the data below the threshold, one an t α = 5.41 · 10−41 C ·m2/V =
0.486 Å
3
(Fig. 3.12(a)), whih is of the same order of magnitude of a previous the-
oretial estimate based on alulations of the graphene dieletri onstant
[54℄
.
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Figure 3.11: Graph of δ as a funtion of the eletri eld, with the same units of Tab. 3.4. Data
in red, in green the t urve. Aording to the law δ(F ) = βF + δ0, the parameter are tted to
β = (6.44± 0.04) · 10−4 m/GV and δ0 = (−0.00413± 0.00009).
F Ef
(GV/m) (eV/atom)
0.0 −8.8169
0.5 −8.8169
1.0 −8.8170
1.5 −8.8173
2.1 −8.8176
2.6 −8.8180
3.1 −8.8185
3.6 −8.8191
4.1 −8.8197
4.6 −8.8205
5.1 −8.8213
(a)
F Ef
(GV/m) (eV/atom)
10.3 −8.9145
15.4 −8.9852
20.6 −9.1072
25.7 −9.2803
36.0 −9.7761
41.1 −10.0969
(b)
Table 3.5: Energies per atom at dierent eletri eld for the unit ell, (a) below and (b) above
the ionization threshold. The energy Ef is alulated referring to the isolated atoms at null eletri
eld.
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Figure 3.12: Graph of the energy as a funtion of the eletri eld, (a) below and (b) above the
ionization threshold. In the latter ase also data below the threshold are reported, but not tted.
Data in red, t urve in green.
Above the ionization threshold the piture is more omplex. The removed harge
δ aumulates at a distane hF/2 from the graphene plane (see Fig. 3.13), produ-
ing a dipole and the orresponding polarization of amplitude P1(F ) = 4eδ(F )hF
(taking aount the eight valene eletrons of the unit ell). The ionized arbon
atoms are also polarized, with a polarization that is P2(F ) = αI(δ)F , where αI
is the polarizability of the ionized graphene that depends on the depleted harge
δ. In rst approximation αI an be onsidered linearly dependent on δ, hene
αI(δ) = α + γδ(F ). The energy Ef an be approximated as follow:
Ef (F ) = E0 −
∫ F
0
[P1(F
′) + P2(F
′)] dF ′ =
= −1
3
γβ|F |3 −
(
α + γδ0
2
+ 2ehFβ
)
F 2 − 4ehF δ0|F |+ E0
(3.10)
Sine Ef is ontinuous at δ = 0, one has E0 = Ecoh. Fitting the data (Fig. 3.12(b)),
the value of γ = −4.48 · 10−38 C ·m2/V = −403 Å3 was obtained. This indiates
that the polarizability dereases as the depleted harge inreased. These empirial
formulas an be used to separate the polarization from the ionization eets.
In Fig. 3.14 the eet of eletri eld on band struture is illustrated. At in-
reasing elds, the empty bands are shifted downwards and the lled one upwards
(though to a minor extent). A p-doping eet is learly visible above the ionization
threshold (panels () - (f)), as the Dira point is shifted upwards with respet to the
Fermi level.
A omparison of the eletroni density at null eld and with eletri eld, below
and above the threshold, is reported in Fig. 3.13. Below the threshold the orbitals
start to deform along the z diretion for eet of the eletri eld, while above the
deformation is very strong and a harge plane, formed by the removed harge that
aumulates in the region where the eletrostati potential hanges slope, appears,
the blue line in Fig. 3.13(b).
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(a) (b)
Figure 3.13: (a) Dierene of the total harge density between 5.1 GV/m and null eld. (b) Dif-
ferene of the total harge density between 36.0 GV/m and null eld. In blue the areas where the
there is more harge with the eletri eld, in red where there is lesser. The aumulation of harge
at the ell boundary is visible as a blue band.
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Figure 3.14: Band strutures for the unit ell at dierent eletri eld values.
Hene, summarizing, below the threshold the eletri eld auses the deforma-
tion of the orbitals, while the bands struture remains almost unhanged, with the
exeption of the drop of the empty bands. Above the threshold, instead, muh more
harge is moved and the depleted harge auses a p-doping of the system, while
other eets are aentuated at these eletri eld values.
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4
√
3× 4
√
3R30 ell at zero ompression
Relaxations of the 4
√
3 × 4√3R30 ell at zero ompression with dierent eletri
elds, below and above the ionization threshold, were performed. The energy Ef
and the average urvature k at dierent eletri elds are reported in Tab. 3.6 and
in Fig. 3.16. The struture starts to bend at about 4.9 GV/m.
F Ef k
(GV/m) (eV/atom) (Å
−1
)
0.0 −8.7951 0
4.6 −8.7987 0
4.9 −8.7991 0.00000347
5.1 −8.7996 0.00000366
5.4 −8.8000 0.00000386
5.7 −8.8005 0.00000405
5.9 −8.8010 0.00000424
6.2 −8.8015 0.00000440
6.4 −8.8021 0.00000460
6.7 −8.8026 0.00000477
6.9 −8.8032 0.00000459
7.2 −8.8041 0.00000457
7.5 −8.8052 0.00000466
7.7 −8.8064 0.00000470
10.3 −8.8276 0.00000461
15.4 −8.9088 0.00000455
25.7 −9.2103 0.00000441
36.0 −9.6941 0.00002119
Table 3.6: Energy Ef and average urvature k at dierent eletri eld value for the 4
√
3×4√3R30
ell at zero ompression.
As an be seen in Fig. 3.15, the urvature is initially opposite to the eld dire-
tion, then at high eletri eld values it hanges diretion. This hange in urvature
happens over 15 GV/m, when the system is widely over the ionization threshold.
Thus it is not an eet of the ionization. Rather, the relative instability of dierent
urvatures ould be interpreted as the interplay between the eletri eld and the
in-plane translational symmetry, in the ase of initially planar graphene. In fat, the
eletri eld an only produe displaement of harges in the plane whih will then
be enhaned and generate ripples, but being translationally symmetri, it annot
determine the loation of the ripples, and hanging the loation of a ripple, onav-
ity with onvexity might be inverted. The situation an hange, of ourse, if a ripple
is already present before the appliation of the eld.
Observing the graph in Fig. 3.16(b), that reports the average urvature at dier-
ent eletri elds, it an be seen that the graphene, after starting to bend, inreases
linearly its urvature, as expeted from exoeletriity. Then, when the ionization
threshold is reahed, a new regime is entered and the urvature value is stabilized.
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Figure 3.15: Height of the atoms of the 4
√
3×4√3R30 ell at zero ompression. (a) Setion lines
x, y, D1 and D2, passing through the atom on top of the urvature, along whih the height of the
atoms were plotted. (b) () (d) (e) (f) Height of the atoms along the lines x, y, D1 and D2. (g) z
oordinate of the atoms along D1 for dierent eletri eld values.
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Figure 3.16: (a) Energy Ef referred to the atoms at null eld and (b) average urvature k at
dierent eletri eld values. () Zoom of the average urvature in the linear region, from the
value of starting bend to the ionization threshold. The onstant η was tted in the linear region
to 7.144 ·10−6 C/N ·m. In red the data, in green the tting urve.
In this regime the evaluation of exoeletriity is not simple beause to the external
eld of the aumulated harge that must be onsidered. Finally at 36.0 GV/m the
urvature inreases rapidly, a onsequene of the diret eet of the eletri eld on
a ionized struture.
Due to the hange of eletroni properties over the ionization threshold, the
exoeletri eet was evaluated for eletri elds below this value. In Fig. 3.16()
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Figure 3.17: Band strutures for the 4
√
3× 4√3R30 ell at zero ompression at dierent eletri
eld values. In blue the states below the Fermi energy, in red the states above.
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Figure 3.18: DOS for the 4
√
3×4√3R30 ell at zero ompression at dierent eletri eld values.
CHAPTER 3 - Results: properties of orrugated graphene 55
(a) (b)
Figure 3.19: (a) Dierene of the total harge density between 5.1 GV/m and null eld. (b) Dif-
ferene of the total harge density between 36.0 GV/m and null eld. Eletroni harge aumulates
in the blue areas.
the urvature at dierent eletri eld in a region near the ionization threshold is
reported. One the struture starts to bend, the urvature varies linearly with the
eletri eld, as expeted from the exoeletri oupling. The exoeletri on-
stant η was tted in the linear region, and for pure graphene was alulated as
7.144 · 10−6 C/N ·m. The bending stiness of graphene has been evaluated by ex-
perimental and theoretial works
[55,56℄
at about 0.2 nN · nm. Hene the value of
the exoeletri onstant an be evaluated as f = 1.43 · 10−24 C = 8.9 · 10−6 e. A
previous theoretial work
[24℄
, based on the polarization of a graphene membrane at
dierent bending, indiates a muh larger value of the exoeletri onstant. The
spei reasons of this disrepany are urrently under investigation. Besides the
dierent setup of the alulation, it should be onsidered that in this ase, as in
many dierent real situations (e.g. the graphene on SiC) there are spei bound-
ary onditions whih indue spei ripples geometries and, onsequently, might
inuene the value of exoeletriity.
The eets of the eletri elds on the eletroni struture are reported in
Fig. 3.17, for the band strutures, and in Fig. 3.18 for the DOS. Due to the refold-
ing, the band struture at high elds is pretty omplex. The urvatures involved,
also at the highest eletri elds, are not large enough to have visible eets on the
eletroni struture, like the band splitting on the orrugated ell at null eld. As
said in the previous setion, the eletri eld auses a p-doping over the ionization
threshold, that is learly visible in the DOS. The downward shift of the empty bands
and the upward of the lled ones implies that the DOS no longer vanishes for eletri
elds values above 15.4 GV/m. In Fig. 3.19 the eletroni harge displaement due
to the eletri eld is reported, for elds below and above the threshold. The pi
orbitals deformation is learly visible in the rst ase, while the depleted harge an
be seen in the seond one.
4
√
3× 4
√
3R30 rippled ell
Starting from the relaxed struture at null eld, the rippled 4
√
3 × 4√3R30 ell
at 2% ompression was simulated at dierent eletri elds. Due to the symmetry
breaking along the z diretion aused by the ripple, eletri elds in both diretions
56 3.2 Results
were onsidered. The presene of the ripple implies that the struture is not perfetly
entered on the ell, but it is shifted of ∼ 0.25 Å upwards.
F Ef k
(GV/m) (eV/atom) (Å
−1
)
−36.0 −9.6103 0.05766
−25.7 −9.1570 0.04608
−15.4 −8.8738 0.03841
−10.3 −8.7980 0.03840
−5.1 −8.7717 0.03840
0.0 −8.7670 0.03840
5.1 −8.7716 0.03841
10.3 −8.8043 0.03841
15.4 −8.8915 0.03842
25.7 −9.2105 0.04761
36.0 −9.7286 0.06068
Table 3.7: Energy referred to the isoalted atom at null eld and average urvature at dierent
eletri eld values for the rippled 4
√
3× 4√3R30 ell at 2% ompression.
The energy Ef , referred to the atoms at null eld, and the average urvature k
are reported in Tab. 3.7 for dierent eletri elds value, and they are plotted in
Fig. 3.20. For both the quantities there is an asymmetry omparing positive and
negative values of the eletri eld, as expeted from the presene of the ripple. The
average urvature is strongly enhaned at values above the ionization threshold, at
least at ±25.7 GV/m, while for lower values urvature modiations are small. In
Fig. 3.20 the struture and their setions are reported. As an be seen, also at
−36.0 GV/m the urvature is enhaned upwards, antiparallel to the eld diretion,
ontrary to what one ould expet from a ionized struture. One possible explana-
tion is the eletrostati interation with the removed harge that attrats graphene
upwards.
The analysis of exoeletriity in already orrugated graphene is not straight-
forward, beause one has to redene the exoeletri oeient in terms of the
variation of urvature, rather than in terms of the urvature itself. In addition,
due to the z symmetry breaking, this must be done for positive and negative elds
separately. The results are reported in Fig. 3.20(). The data were tted sepa-
rately for positive and negative elds under the threshold, with a formula of the
form k(F ) = aF 2 + bF + k0. For positive eletri eld, the parameters were tted
to a+ = 5.58 · 10−15 C2/N2 ·m, b+ = −5.09 · 10−6 C/N ·m and k+0 = 0.038396 Å−1,
while for negative eld to a− = 1.22 · 10−15 C2/N2 ·m, b− = 3.70 · 10−6 C/N ·m and
k−0 = 0.038394 Å
−1
.
In both ases, two regimes are identied. For positive eletri eld, the regime
transition seems mainly due to ionization, while for negative eld the piture is more
omplex, and strutural modiations seems also involved. For both positive and
negative eletri elds, a quadrati funtion ts well the data, and this ould be
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Figure 3.20: (a) Energy Ef and (b) average urvature k at dierent eletri eld values for the
4
√
3× 4√3R30 ell at 2% ompression. () Curvature for eletri eld values below the ionization
threshold. Data in red, tting urve in green (positive elds) and blue (negative elds).
due to the starting urvature, that it is not null. Hene this is atually a seond
order eet of the urvature. This theoretial alulations ould be experimentally
heked, at least at medium-low eletri elds.
The eletroni density and the STM simulated images are shown in Fig. 3.22
at a values of 5.1 GV/m, below the ionization threshold, and 36.0 GV/m, above
the threshold. The eletri eld removes harge mainly around the upwards urved
points of the surfae, where the orresponding orbitals are emptied. For the 36.0 GV/m
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Figure 3.21: (a) Denition of the x, y, D1 and D2 lines along whih the height of the atoms
is shown. (b) Atom heights along the line D1 for dierent eletri eld values. () Overlap of
dierent strutures at dierent eletri eld values. (d) - (m) Atom heights along the line x, y, D1
and D2 for dierent eletri eld values.
(a) (b) (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Figure 3.22: (a) (b) Side and top view of the total eletroni density and () STM simulated
image for the 4
√
3 × 4√3R30 ell at 2% ompression at 5.1 GV/m. (d) Dierene of the total
harge between 5.1 GV/m and null eld; in blue the zones where more harge is present with the
eld, vie versa for red. (e) (f) Side and top view of the total eletroni density and (g) STM
simulated image for the 4
√
3 × 4√3R30 ell at 2% ompression at 36.0 GV/m. (d) Dierene of
the total harge between 36.0 GV/m and null eld; the red bakground is due to the removed
harge. Isovalue at 0.02 Bohr−3.
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Figure 3.23: Band strutures at dierent eletri eld values for the 4
√
3 × 4√3R30 ell at 2%
ompression.
ase, the harge dierene depends mainly on the hange of the atom loations due
to the altered struture.
The eletroni struture is reported in Fig. 3.23 and in Fig. 3.24, for the bands
and DOS respetively. To the eletri eld eet to the band struture, the one of
the urvature is added, espeially at the highest elds, where also the urvature is
higher. Comparing the bands near the Fermi energy for opposite values of eletri
elds, it an be noted that these bands, for positive values, are slightly lower. This
is due to the removed harge, that is less for negative eld values, an eet of the
asymmetri urvature along z. Observing the DOS, in addition to the p-doping
eet, it is visible a series of peaks, not present at low eld values, aused by the
urvature. At the highest elds, where the urvature is strongly enhaned, this
eet is learly visible. The results here shown ould be diretly ompared with
diret STM measurements of the eletroni properties of the monolayer of graphene
on SiC subjet to eletri eld, beause it has very similar ripples struture.
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Figure 3.24: DOS at dierent eletri eld values for the 4
√
3× 4√3R30 ell at 2% ompression.
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3.2.3 Graphene on SiC
In this setion the results of alulations of the graphene with its SiC substrate are
reported. The system was simulated rst with one layer of arbon atoms, to nd the
optimized struture of the buer layer. Then the graphene monolayer was added
on top of the struture and a seond relaxation was performed. Both systems are
omposed by more than a thousand atoms, making these alulations pretty heavy.
As a onsequene, a omplete analysis of the exoeletri properties was not possible
as in the free standing layer. However, as said, free standing layer at 2% ompression
has a very similar struture to the monolayer on SiC, thus omparison between the
two ases is possible.
Buer layer
The struture desribed in Se. 3.1.1 with only the buer layer was relaxed at null
eld. The optimized struture is shown in Fig. 3.25. The mean distane between
the SiC surfae and the buer layer is 2.34 Å. The lattie struture is similar to the
one shown in Se. 1.2.1 with only minor dierenes on the maximum value of the
vertial atom displaement.
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Figure 3.25: (a) Side view of the buer layer struture: the ripples on the arbon layer are
visible. (b) Top view of the buer layer without the SiC substrate in olor sale. () Heights of
the atoms along the line indiated in (b). (d) Top view of the buer layer with 8 periodi opies
in olor sale.
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(a) (b) () (d)
Figure 3.26: (a) Side and (b) top view of the total harge density. () STM simulated image of
the buer layer. (d) Cross setion of the total harge density: the olor sale goes from red, where
there is not harge, to blue, where the harge density is maxim.
In Fig. 3.26 the STM simulated image and the ross setion of the total harge
density are reported. In the latter ase the harge is reported in olor sale from
blue, maxim density, to red, no harge. The buer layer is represented by the blue
harges on top of the struture. Observing the buer layer it is possible to note the
ovalent bound of the lower arbon atoms by the downward deformed orbitals and
the white harge linking the buer layer to the substrate.
Graphene monolayer
On the relaxed buer layer struture, a seond arbon layer was added. The results
of this strutural optimization are shown in Fig. 3.27.
The mean distane between the buer layer and the graphene layer is 3.27 Å,
as previously found. The average urvature of the monolayer is 0.00709 Å
−1
, as
expeted of the same order of that of the orrugated 4
√
3×4√3R30 ell used in the
alulations of the rst part of this work. In Fig. 3.28 the STM simulated image and
the total harge density ross setion are reported. From the harge ross setion
it is lear visible that, dierently from the buer layer, the graphene monolayer is
not ovalently bound and its orbitals are almost unaeted by the presene of the
substrate.
The symmetry of the ripples is also very similar to what expeted. However, the
analysis of the urvature reveals a rst major dierene with respet to previously
reported data: the urvature is inverted, namely wells separated by rippled are
found, instead of hills separated by valleys. It is to be observed that in absene
of z symmetry breaking, the two strutures, namely the one found here and the
one reported in the literature, would be degenerate in energy. The presene of
the substrate breaks this symmetry, favoring one of the two. The one previously
presented in the literature is the one with the opposite urvature, while here the
optimization returned this one. One possible interpretation is that this one is as
well a loal minimum of energy. The question is if it is more or less stable with
respet to the other. It is also to be observed that, as veried in the previous part of
this work, the eletri eld modies the urvature. Thus one possible way to obtain
the alternative struture from this, is the appliation of an eletri eld.
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Figure 3.27: (a) Side view of the graphene on SiC: the ripples on the graphene and buer layers
are visible. (b) Top view of the graphene layer in olor sale, without the SiC and buer layer
substrate. () Heights of the atoms along the line indiated in (b). () Top view of the graphene
layer with 8 periodi opies.
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) (d)
Figure 3.28: (a) Side and (b) top view of the total harge density. () STM simulated image of
the graphene monolayer on SiC. (d) Cross setion of the total harge density: the olor sale goes
from red, where there is not harge, to blue, where the harge density is maxim.
3.2.4 BN-Graphene
The BN-graphene system, desribed in Se. 3.1.1, was simulated at zero ompres-
sion and with 2% ompression in the rippled struture, with and without eletri
eld. The presene of two doping atoms makes that the eletron density hanges
signially near these atoms ompared to the pure graphene. In Fig. 3.29 is shown
the dierene of harge between pure and BN-doped graphene near the boron and
nitrogen atoms. The graph, that reports the dierene of harge in number of ele-
trons and in absolute value, shown that the eletron density is lower near B atom
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and higher near N, as expeted. The dierene of harge exhibits utuations near
the two atoms. As expeted, the harges redistribute in order to sreen the B and
N atomi harges, whih are −1 and +1 with respet to that of C, respetively.
However this implies that eletroni strutures hanges loally, with possible onse-
quenes on the exoeletri properties.
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Figure 3.29: (a) Charge dierene around the B and N atoms respet to pure graphene, in pink
and blue respetively. (b) Graph of the harge dierene integrated at dierent radius.
4
√
3× 4
√
3R30 ell at zero ompression
The 4
√
3 × 4√3R30 ell was relaxed at dierent eletri eld values. The energy
Ef and the average urvature k are reported in Tab. 3.8. The struture starts to
bend at 3.1 GV/m, a value about 2 GV/m lower than the one for pure graphene,
whih indiates an enhanement of the exoeletri properties. Dierently from
pure graphene, in the BN-graphene the urvature is initially in the eld diretion,
mainly due to the strong eet of the eletri eld on the boron atom. Then at about
15 GV/m, as an be seen in Fig. 3.30, the graphene-like behaviour emerges and the
urvature hanges diretion, being opposite to the eld; as for pure graphene, at
about 36 GV/m the urvature hanges diretion again and it is strongly enhaned
by the presene of the doping atoms.
In Fig. 3.31 the energy Ef and the average urvature are plotted. Below the
ionization threshold two linear region for the urvature are visible. The rst starts
with the bending, while the seond at the bending value of pure graphene: hene
the rst eet is due only to the doping atoms. Fitting the data, as reported
in Fig. 3.31(), the value of η1 = 5.739 · 10−4 C/N ·m was obtained for the rst
linear region. For the seond region, a value of η2 = 1.873 · 10−3 C/N ·m and k0 =
−2.1 · 10−4 Å−1 (k0 an be onsidered as the urvature at null eld if it follows this
law for all eletri eld values) were obtained. Using the bending stiness of pure
graphene, about 0.2 nN · nm, the exoeletri onstant are f1 = 2.87 · 10−21 C =
0.018 e for the rst region, and f2 = 9.37 · 10−21 C = 0.058 e for the seond region.
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F Ef k
(GV/m) (eV) (Å
−1
)
0.0 −839.76 0
2.6 −839.86 0
3.1 −839.91 0.00018
3.6 −839.97 0.00021
4.1 −840.03 0.00024
4.6 −840.10 0.00027
5.1 −840.18 0.00075
5.7 −840.27 0.00084
6.2 −840.37 0.00094
6.7 −840.48 0.00119
7.2 −840.63 0.00087
7.7 −840.85 0.00078
10.3 −842.88 0.00105
15.4 −850.71 0.00867
25.7 −879.97 0.01370
36.0 −927.87 0.04473
Table 3.8: Energy Ef , referred to the isolated atoms at null eld, and average urvature k at
dierent eletri eld value for the 4
√
3× 4√3R30 BN-graphene ell at zero ompression.
As ould be expeted, the presene of the doping atoms enhanes the exoeletri
oupling of about three orders of magnitude in the same region. Moreover the
exoeletriity manifests at lower eletri eld values, even if in minor amplitude.
Fig. 3.32 reports the total harge dierene between the ell in eletri eld and
at null eld, for values of 5.1 GV/m, below the ionization threshold, and 36.0 GV/m,
far above the threshold. The doping atoms and theirs neighbours are strongly af-
feted by the eletri eld, with harge that mostly aumulates (and it is removed)
below (above) the boron atom. For the 36.0 GV/m ase, the harge dierene is
mainly due to the strutural hange that shift the atoms.
The eletroni struture is strongly haterized by the presene of the doping
atoms. The pi bands are splitted (Fig. 3.33) and at high eletri eld values the p-
doping is eet is present, as a onsequene of the ionization. In the DOS struture
(Fig. 3.34) several peaks appear at all energy values and they are not orrelated
to the eld intensity, as well as an isolated state at about −23 eV. Nevertheless,
the ondutive properties are not strongly modied, sine the gap remains losed at
these low doping levels.
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Figure 3.30: Height of the atoms of the 4
√
3 × 4√3R30 ell at zero ompression. (a) Setion
lines x, y, D1 and D2, passing through the atom on top of the urvature, along whih the height
of the atoms were plotted. (b) () (d) (e) (f) Height of the atoms along the lines x, y, D1 and D2.
(g) Height of atoms along the D1 line at dierent eletri eld values.
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Figure 3.31: (a) Energy Ef and (b) average urvature k at dierent eletri eld values. () Zoom
of the average urvature near the ionization threshold.
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Figure 3.32: (a) Dierene of the total harge density between 5.1 GV/m and null eld. (b) Dif-
ferene of the total harge density between 36.0 GV/m and null eld. In blue the areas where the
there is more harge with the eletri eld, in red where there is lesser.
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Figure 3.33: Band strutures for the BN-doped graphene in the 4
√
3 × 4√3R30 ell at zero
ompression at dierent eletri eld values.
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Figure 3.34: DOS for the BN-doped graphene in the 4
√
3× 4√3R30 ell at zero ompression at
dierent eletri eld values.
4
√
3× 4
√
3R30 rippled ell
The BN-graphene was simulated in the 4
√
3× 4√3R30 rippled ell at 2% ompres-
sion. Starting from the optimized struture of pure graphene at null eld, the ell
was relaxed at dierent eletri eld values. As for pure graphene, the eletri eld
was implemented in both diretions and the struture is shifted upwards of about
0.25 Å, due to the ripple presene.
F Ef k
(GV/m) (eV) (Å
−1
)
−36.0 −919.41 0.06019
−25.7 −875.41 0.05069
−15.4 −847.89 0.04588
−10.3 −840.54 0.04469
−5.1 −837.96 0.04454
0.0 −837.39 0.04398
5.1 −837.74 0.04398
10.3 −840.87 0.04463
15.4 −849.26 0.04624
25.7 −880.47 0.05313
36.0 −931.65 0.06651
Table 3.9: Energy Ef , referred to the isolated atoms at null eld, and average urvature k at
dierent eletri eld values.
In Tab. 3.9 the energy Ef and the average urvatures are reported, while they
are plotted in Fig. 3.35. Dierently from the pure graphene, where the average
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Figure 3.35: (a) Energy Ef and (b) average urvature at dierent eletri eld values. Curvature
for negative () and (d) positive eletri eld values below the ionization threshold. Data in red,
tting urve in blue (rst regime) and green (seond regime).
urvature hanges signially for eletri elds over 15 Å, the struture shows al-
terations also at the lower eld values implemented. The urvature is partiulary
strong around the boron atom, that strongly interats with the eletri eld. The
exoeletriity was evaluated onsidering the urvature variation. The negative
elds enhane more the urvature, and a double regime appears, as for the ell
at zero ompression, for both eld diretions. As for pure graphene, the ex-
oeletriity is a seond order eet, and was tted with a formula of the type
k(F ) = aF 2+bF+k0. For negative eletri elds, the parameters were tted to: a
−
1 =
4.10 · 10−15 C2/N2 ·m, b−1 = −1.55 · 10−5 C/N ·m and k−1 = 0.04397 Å−1 for the rst
regime, a−2 = 6.16 · 10−13 C2/N2 ·m, b−2 = 0.00048 C/N ·m and k−2 = 0.04538 Å−1 for
the seond regime. For positive eletri elds, instead, the parameters were tted
to a+1 = 3.67 · 10−15 C2/N2 ·m, b+1 = −1.06 · 10−5 C/N ·m and k+1 = 0.04397 Å−1
for the rst regime, a+2 = 2.28 · 10−14 C2/N2 ·m, b+2 = 1.29 · 10−4 C/N ·m and
k+2 = 0.04386 Å
−1
for the seond regime.
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Figure 3.36: (a) Denition of the x, y, D1 and D2 lines along whih the height of the atoms
is shown. (b) Atom heights along the line D1 for dierent eletri eld values. () Overlap of
dierent strutures at dierent eletri eld values. (d) - (m) Atom heights along the line x, y, D1
and D2 for dierent eletri eld values.
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Figure 3.37: Band strutures at dierent eletri eld values.
72 3.2 Results
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(a) −5.1 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(b) 5.1 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
() −10.3 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(d) 10.3 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(e) −15.4 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(f) 15.4 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(g) −25.7 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(h) 25.7 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(i) −36.0 GV/m
D
O
S
Energy E-EF (eV)
 0
 20
 40
 60
 80
 100
 120
 140
 160
-25 -20 -15 -10 -5  0  5
(j) 36.0 GV/m
Figure 3.38: DOS at dierent eletri eld values.
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The band strutures are shown in Fig. 3.37, while the DOS in Fig. 3.38. The
band struture is altered both by the eletri eld and the urvature, and this implies
that the eletroni struture is pretty omplex. Many bands split, as an eet of
the urvature, and the p-doping, onsequene of the removed harge, appears at
high eletri eld values. Observing the DOS, many peaks are present due to the
doping elements. At the higher elds, the DOS barely barely resembles the one of
free standing pure graphene at null eld.
3.2.5 N-Graphene
The same simulations performed for BN-graphene, namely relaxations with and
without eletri eld for the 4
√
3× 4√3R30 ell at zero ompression and rippled at
2% ompression, were repeated for N-graphene, where one arbon atom is replaed
by a nitrogen atom, as desribed in Se. 3.1.1. The harge dierene between N-
graphene and pure graphene is reported in Fig. 3.39. As expeted, the harge sreens
the atomi nitrogen harge, that is +1 respet to the arbon atom, utuating
around the N atom.
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Figure 3.39: (a) Charge dierene around the nitrogen atom respet to pure graphene in blue.
(b) Graph of the harge dierene integrated at dierent radius.
4
√
3× 4
√
3R30 ell at zero ompression
Relaxations at dierent eletri eld values were performed for the 4
√
3× 4√3R30
ell at zero ompression, and the energy Ef , referred to the isoled atoms at null
eld, and the average urvature k are reported in Tab. 3.10. Dierently from BN-
graphene, in whih the doping atoms enhane the eletromehanial response, the
N-graphene starts to bend at 6.4 GV/m, about 1.5 GV/m over the value of pure
graphene and about 3 GV/m of BN-graphene. This ould be due to the stress in-
dued in the struture by the ell boundary onditions. However one the struture
is urved, the average urvature at the same eld is of the same order of magni-
tude, even if lower, of BN-graphene and hene muh higher than pure graphene.
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In Fig. 3.41 the struture at dierent eletri elds are shown. For values up to
10.3 GV/m the urvature is onentrated around the N atom and in partiular its
three rst neighbours, that are higher also than the doping atom. Then, when
the eletri eld is widely above the ionization threshold, the urvature involves all
atoms but, dierently from pure graphene and BN-graphene, there is not urvature
inversion.
F Ef k
(GV/m) (eV) (Å
−1
)
0.0 −842.97 0
5.1 −843.39 0
6.2 −843.58 0
6.4 −843.63 0.000147
6.7 −843.69 0.000152
6.9 −843.74 0.000159
7.2 −843.83 0.000288
7.5 −843.93 0.000289
7.7 −844.05 0.000288
10.3 −846.05 0.000347
15.4 −853.82 0.000668
25.7 −883.87 0.008401
36.0 −930.89 0.028912
Table 3.10: Energy Ef , referred to the isolated atoms at null eld, and average urvature k at
dierent eletri eld value for the 4
√
3× 4√3R30 N-graphene ell at zero ompression.
In Fig. 3.41 the graphs of the energy Ef and the average urvature k at dif-
ferent eletri elds are reported. Below the ionization threshold the linear region
for the urvature, ngerprint of the exoeletriity, is easily identiable. The on-
stant obtained by the t is η = 2.278 · 10−4 C/N ·m for a orresponding exoeletri
onstant, using the pure graphene value of the bending stiness, about 0.2 nN · nm,
of f = 1.14 · 10−21 C = 7.1 · 10−3 e. This value is slightly less with respet to BN-
graphene, but of the same order of magnitude. However the exoeletriity manifests
at muh higher eletri eld values, also with respet to pure graphene.
The harge dierene between the ell in eletri eld and at null eld, for values
of 5.1 GV/m, below the ionization threshold, and 36.0 GV/m, above the threshold,
is reported in Fig. 3.42. The eletri eld mostly aets the arbon atoms that are
neighbours of the nitrogen, moving more harge around these ones. At 36.0 GV/m
the harge dierene is mainly due to the shift of the atoms aused by the appearing
urvature.
Fig. 3.43 reports the band strutures at dierent eletri elds, while the DOS
are reported in Fig. 3.44. The pi bands are splitted due to the nitrogen doping even
if the splitting is dierent from the BN-graphene below the Fermi energy. The p-
doping is present over the ionization threshold, as an eet of the harge removed
by the eletri eld. The DOS struture is haraterized by the presene of several
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Figure 3.40: Height of the atoms of the 4
√
3 × 4√3R30 ell at zero ompression. (a) Setion
lines x, y, D1 and D2, passing through the atom on top of the urvature, along whih the height
of the atoms were plotted. (b) () (d) (e) (f) Height of the atoms along the lines x, y, D1 and D2.
(g) Height of atoms along the D1 line at dierent eletri eld values.
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Figure 3.41: (a) Energy Ef and (b) average urvature k at dierent eletri eld values. () Zoom
of the average urvature near the ionization threshold.
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Figure 3.42: (a) Dierene of the total harge density between 5.1 GV/m and null eld. (b) Dif-
ferene of the total harge density between 36.0 GV/m and null eld. In blue the areas where the
there is more harge with the eletri eld, in red where there is lesser.
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Figure 3.43: Band strutures for the N-doped graphene with the 4
√
3 × 4√3R30 ell at zero
ompression at dierent eletri eld values.
peaks not orrelated to the eletri eld, even if in a minor way respet to BN-
graphene. As for BN-graphene, the low doping keeps the gap losed. The isolated
state at −23 eV is still present.
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Figure 3.44: DOS for the N-doped graphene with the 4
√
3× 4√3R30 ell at zero ompression.
4
√
3× 4
√
3R30 rippled ell
Simulations of the rippled N-graphene, using the 4
√
3 × 4√3R30 ell ompressed
at 2%, were performed at dierent eletri elds. The optimized struture for pure
graphene at null eld was used to perform a relaxation at null eld for the N-
graphene, in order to obtain the starting struture for ralaxations in eletri eld.
Due to the ripple, the struture is shifted upwards on the z diretion of about
0.25 Å respet to the entre of the ell, and the eletri eld was implemented in
both diretions.
F Ef k
(GV/m) (eV) (Å
−1
)
−36.0 −921.97 0.05521
−25.7 −878.09 0.04296
−15.4 −850.35 0.03593
−10.3 −843.14 0.03587
−5.1 −840.68 0.03586
0.0 −840.28 0.03585
5.1 −840.76 0.03585
10.3 −843.90 0.03584
15.4 −852.28 0.03826
25.7 −884.11 0.04621
36.0 −933.96 0.05901
Table 3.11: Energy Ef , referred to the isolated atoms at null eld, and average urvature k at
dierent eletri eld values.
The energy Ef , alulated referring to the isolated atoms at null eld, is reported
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Figure 3.45: (a) Energy Ef and (b) average urvature at dierent eletri eld values. () Cur-
vature for eletri eld values below the ionization threshold. Data in red, tting urve in green
(positive elds) and blue (negative elds).
with the average urvature in Tab. 3.11 and in Fig. 3.45 at dierent elds. The
struture at various eletri elds is shown in Fig. 3.46. The struture does not
hange signiantly for eletri elds up to 25 GV/m and, for these eld values, does
not show a struture asymmetry between positive and negative eletri elds. Again,
the urvature is stronger around the doping atom but, dierently from the BN-
graphene, the nitrogen atom involves muh more its neighbours on the deformation.
The urvature variation below the ionization threshold is reported in Fig. 3.45().
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Figure 3.46: (a) Denition of the x, y, D1 and D2 lines along whih the height of the atoms
is shown. (b) Atom heights along the line D1 for dierent eletri eld values. () Overlap of
dierent strutures at dierent eletri eld values. (d) - (m) Atom heights along the line x, y, D1
and D2 for dierent eletri eld values.
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Figure 3.47: Band strutures at dierent eletri eld values.
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The nitrogen doping inverts the eet of the eletri eld respet to pure graphene:
positive elds suppress the urvature while negative elds enhane it. The t,
done separately for positive and negative eletri elds with a quadrati funtion
k(F ) = aF 2 + bF + k0, gives these values: a+ = 2.32 · 10−15 C2/N2 ·m, b+ =
−1.02 · 10−5 C/N ·m and k+0 = 0.035845 Å−1 for positive elds, a− = 1.29 · 10−15 C2/N2 ·m,
b− = −2.17 · 10−5 C/N ·m and k−0 = 0.035847 Å−1 for negative elds.
The eletroni struture is reported in Fig. 3.47, the band struture, and in
Fig. 3.48, the DOS. The eletroni struture is altered by the presene of the nitrogen
atom, the eletri eld and the urvature, that also depends on the eld. The p-
doping eet is visible, as a onsequene of the ionization, and many bands split
due to the symmetry breaking aused by the urvature, that is enhaned at higher
eletri elds. The DOS, altered by the presene of several peaks due the doping,
resemble more the one of graphene respet to BN-graphene. For negative eletri
elds, the DOS are more altered.
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Figure 3.48: DOS at dierent eletri eld values.
Chapter 4
Conlusions
The aim of this work was to study the eletromehanial properties and the inter-
ation of graphene with an external orthogonal eletri eld, in order to, rstly,
explore the possibility of manipulation of the strutural and eletroni properties of
this material for tehnologial purpose, and seondly to diret the future possible
experiments of graphene on eletri eld. The eletri eld intensity was inreased
in a vast range, in order to observe both small and large strutural and hemi-
al alterations, hene reahing and exeed the graphene ionization threshold. The
removed harge aumulates in a well dened portion of the simulation superell,
interating with the ionized graphene. A preliminary study was performed to a-
urately determine the ionization threshold and the ioni and eletroni behaviour
over this threshold, in order to hoose the appropriate simulation parameters. The
polarizability was also evaluated by energy alulations, and a value omparable
with other estimates was obtained. An approximated model for the polarizability of
the ionized graphene was onsidered, obtaining that the polarizability derease as
the harge is removed.
One the eet of the ionization was onsidered, the exoeletriity was evalu-
ated. The system used for this study is the 4
√
3× 4√3R30 ell, that approximately
reprodue the periodiity of ripples of the graphene grown on silion arbide, whih
is one of the most promising tehniques to obtain samples for high teh appliations.
From the simulation performed, the exoeletri eet is observed as the dependene
on urvature is linear, though the estimated exoeletri onstant is dierent from
previous theoretial estimates. Besides dierenes in alulations setup, this ould
be attributed to the spei boundary onditions used in these alulations, whih
inuenes the symmetry and struture of ripples and, onsequently, the urvature
properties. This is, however, wanted, sine this work alulations are aimed to om-
pare with a spei experimental system, whih has the same kind of onstraints.
Under the ionization threshold, the eletroni struture is only qualitatively hanged
by the eets of urvature and eletri eld, but the main ondutive properties
are preserved. Over the threshold the band struture is strongly altered, due to
a p-doping eet aused by the removed harge. The same simulations were per-
formed on the rippled struture to mimi the monolayer graphene on SiC and all
eletromehanial related properties (urvature and exoeletriity) are seen to be
83
84
enhaned. The exoeletri eet manifests at lower eletri elds value respet to
at strutures. Dierent behaviours were found for positive and negative eletri
elds, but eah eet seems to be enhaned and driven by the previously present
ripples. These predition ould be experimentally veried on the naturally rippled
monolayer graphene on SiC.
The exoeletriity was studied also in doped systems, the BN-graphene and
the N-graphene, in the 4
√
3 × 4√3R30 ell at zero ompression and rippled. For
both systems the exoeletri onstant is enhaned by the presene of the doping
atoms, in partiular for the BN-graphene, sine the boron atom in graphene is seen
to be strongly interating with the external eletri eld. The exoeletri onstant
results enhaned of about three orders of magnitude. Moreover the struture starts
to bend at lower eld value, even with a lower oupling with the eletri eld: a
double exoeletri regime was found, the rst from the starting of the urvature up
to the start of urvature for pure graphene, were a seond and greater interation
with the eletri eld is established. The double regime was found also in the
orrugated strutures, both at positive and negative elds. As for pure graphene,
the exoeletriity seems to be a seond order eet. For the N-graphene, instead,
the piture is more omplex. The exoeletri onstant was found to be of the same
order of magnitude of BN-graphene, but the bending starts at a larger value of the
eletri eld also respet to pure graphene. This unexpeted behaviour ould be
related to the stress indued by the ell boundary onstrains, but further analysis
are neessary to better understand this phenomenon.
Sine one of the goals of the present study was to simulate the real system,
SiC struture, rst with the buer layer then adding also the graphene monolayer,
was relaxed, with the aim of applying the eletri elds, afterwards. Already this
alulation, however, lead to some unexpeted results. In fat, while the buer
layer struture is similar to the one found by other simulations, this is not true for
the monolayer: the ripples of the struture here obtained seem to be inverted with
respet to those reported in the literature. Sine the two states with normal and
inverted urvature are perfetly degenerate in absene of substrate, one an infer
that they maintain a similar energy even in the presene of substrate. Thus the
state here found ould be only slightly metastable with respet to the one usually
onsidered the stable one. Further investigations are urrently in the ourse to
verify this hypothesis, whih is very interesting from the pratial point of view.
In fat, the alulations on the free standing graphene show that one of the eet
of the eletri eld is preisely the possibility of inverting the urvature, thus it
is presumable that the passage from the strutural state here found and the one
reported in the literature ould be driven by the eletri eld. This in turn ould
lead to tehnologial appliations. The ontrol of loal urvature of graphene would
lead to the possibility of ontrolling its interation with hydrogen or its reativity
towards a number of possible dierent hemial speies, implying the ontrol of
funtionalization. On the other way round, the inversion of urvature leads to hange
in eletroni struture and ould then generate potential dierenes in graphene,
whih ould be exploited for eletromehanial harvesting.
In onlusion, this work shows the possibility of manipulating the eletrome-
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hanial properties of graphene by urvature and BN doping. Flexoeletriity is
shown to be enhaned by already present ripples and by substitutional doping. This
might have important onsequenes in the design of possible devies exploiting ex-
oeletriity for urvature ontrol and energy appliations. In addition, observables
are quantitatively evaluated (STM simulated images, DOS, exoeletri properties,
strutures) in systems mimiking the real one, whih ould be diretly measured.
Thus it is hopeful that this study ould stimulate the orresponding experiments,
needed to validate these theoretial preditions.
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Appendix A
Simulations with QE and supporting
softwares
A.1 Quantum ESPRESSO input le
Quantum ESPRESSO is a suite of softwares that performs dierent kind of alu-
lations. The software that performs the DFT plane wave simulations is pw.x, whose
input parameters are passed by a text le. The input le is omposed by dier-
ent setions, eah one that desribes a dierent aspet of the simulation. Below
is reported the input le for a strutural optimization of BN-graphene, in order to
understand the layout of the input le.
&ontrol
alulation = 'relax' Type of alulation: 'relax' for strutural op-
timization, 'sf' for eletroni optimization
restart_mode = 'from_srath'
prefix = 'arbon'
tstress = .true.
tprnfor = .true.
nstep = 1000 Max number of ioni steps for the strutural
optimization
max_seonds = 7080
pseudo_dir = 'PSEUDO/'
outdir = './outdir_r'
wf_ollet = .true.
tefield = .true. It sets the eletri eld
/
&system
ibrav = 4 Bravais lattie type
elldm(1) = 32.20 Dimension a of the ell in Bohr
elldm(3) = 1.17374285 Ratio between the height c and a
nat = 96 Number of atoms in the ell
ntyp = 3 Number of atom types in the ell
eutwf = 30.0 Cuto energy for the plane waves in Ry
eutrho = 300.0 Cuto energy for the eletroni density in Ry
oupations = 'smearing' It sets the smearing
smearing = 'gaussian' It sets the gaussian smearing
degauss = 0.01 Value of the gaussian smearing in Ry
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london = .true. It sets the semi-empirial van der Waals imple-
mentation
edir = 3 Diretion of the eletri eld
emaxpos = 0.875 Relative position of the maximum of the ele-
trostati potential
eopreg = 0.25 Relative lenght of the eletri potential drop
zone
eamp = 0.01 Amplitude of the eletri eld in au
/
&eletrons
diagonalization= 'david' Diagonalization algorithm
mixing_mode = 'plain'
mixing_beta = 0.7
onv_thr = 1.0d-8 Convergene riterion for the DFT self-
onsisten yle
/
&Ions
/
ATOMIC_SPECIES
B 10.8 B.pbe-n-rrkjus_psl.0.1.UPF
Types of atoms, their masses and their
pseudopotential les
C 12.0 C.pbe-n-rrkjus_psl.0.1.UPF
N 14.0 N.pbe-n-rrkjus_psl.0.1.UPF
ATOMIC_POSITIONS {angstrom}
N 0.001236263 0.003110308 10.0
C 2.135602007 3.685581470 10.0
...
C 23.444781028 13.532223626 10.0
K_POINTS gamma
For band struture alulations, the ag 'relax', in alulation, is replaed by 'bands',
while the k-points sampling is dened replaing the last line with a ode of this type:
K_POINTS rystal
100
0.0000000000 0.0000000000 0.0000000000 1.0
0.0000000000 -0.0138888889 0.0000000000 1.0
...
0.0079364286 -0.0158730952 0.0000000000 1.0
0.0000000000 0.0000000000 0.0000000000 1.0
The ag rystal indiates that the oordinates of eah of the 100 k-points is expressed as relative
to the base vetors of the Brillouin zone. For eah point, the three oordinates plus the weight of the
point are reported. This ode is obtained using XCrySDen, a rystalline struture visualisation
program that an read QE input and output les and reprodue the strutures. Moreover the
orresponding Brillouin zone is reprodued, and one an graphially selet the path along the high
symmetry k-points to obtain this ode.
For DOS alulations, instead, the ag 'relax' is replaed by 'nsf', while the k-point grid
is expressed as:
K_POINTS automati
15 15 1 0 0 0
The rst three number generate the 15 × 15 × 1 grid, while the other three express the oset of
the grid, that it is null in this ase.
For both band struure and DOS alulations further omputations are required to obtain the
data, performed by others softwares of the QE suite: bands.x for the band struture and dos.x for
the DOS. Finally the harge density is obtained with the program pp.x.
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A.2 Self made programs
Several self made programs were written, mainly in C, for the input strutures building and the
data analysis. A partial list of written programs inludes:
• building of the graphene layer, namely the oordinates of eah arbon atom in the hexagonal
lattie;
• alulation of the dierene of two harge densities;
• integration of the harge density along xy planes (to evaluate the removed harge) and
around a spei atom;
• evaluation of the loal urvature, both the improper dihedral angle and the loal sphere
radius.
The program for the evaluation of the loal urvature is the more omplex, due to the diulty
of the identiation of the rst neighbours for the atoms at the ell edges. Using the building
struture le, the identiation of the neighbours was implemented as follows:
#define DIST 1.7
typedef strut vettore{
har type[2℄;
double pos[3℄;
int index;
int sym;
strut vettore *next[3℄;
}node;
void viini(node **,int dim,double CELLDM){
double b[2℄[3℄,v[2℄[3℄,dx,dy,dz,dist,max,oord[dim℄[3℄,CELLDM_P;
node *aux;
int i,j,k,l,ont,indx;
har ar,path[100℄,*stringa;
FILE *file;
CELLDM_P=32.20*ANG;
file=fopen("oord.xyz","r");
fsanf(file,"%d\n",&i);
stringa=fgets(path,100,file);
i=0;
while(!feof(file)){
fsanf(file,"%s\t",path);
fsanf(file,"%lf\t",&oord[i℄[0℄);
fsanf(file,"%lf\t",&oord[i℄[1℄);
fsanf(file,"%lf\n",&oord[i℄[2℄);
i++;
}
flose(file);
b[0℄[0℄=CELLDM;
b[0℄[1℄=0;
b[0℄[2℄=0;
b[1℄[0℄=0.5*CELLDM;
b[1℄[1℄=0.5*sqrt(3)*CELLDM;
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b[1℄[2℄=0;
v[0℄[0℄=CELLDM_P;
v[0℄[1℄=0;
v[0℄[2℄=0;
v[1℄[0℄=0.5*CELLDM_P;
v[1℄[1℄=0.5*sqrt(3)*CELLDM_P;
v[1℄[2℄=0;
for(i=0;i<dim;i++){
ont=0;
for(j=0;j<dim;j++)
if(j!=i)
for(k=-1;k<=1;k++)
for(l=-1;l<=1;l++){
dx=oord[j℄[0℄+k*v[0℄[0℄+l*v[1℄[0℄-oord[i℄[0℄;
dy=oord[j℄[1℄+k*v[0℄[1℄+l*v[1℄[1℄-oord[i℄[1℄;
dz=oord[j℄[2℄+k*v[0℄[2℄+l*v[1℄[2℄-oord[i℄[2℄;
dist=sqrt(pow(dx,2)+pow(dy,2)+pow(dz,2));
if(dist<DIST){
aux=new_node();
aux->pos[0℄=[j℄->pos[0℄+k*b[0℄[0℄+l*b[1℄[0℄;
aux->pos[1℄=[j℄->pos[1℄+k*b[0℄[1℄+l*b[1℄[1℄;
aux->pos[2℄=[j℄->pos[2℄+k*b[0℄[2℄+l*b[1℄[2℄;
aux->index=j;
[i℄->next[ont℄=aux;
ont++;
}
}
for(j=0;j<3;j++){
max=[i℄->next[j℄->pos[1℄;
indx=j;
for(k=j;k<3;k++)
if([i℄->next[k℄->pos[1℄>max){
max=[i℄->next[k℄->pos[1℄;
indx=k;
}
if(indx!=j){
aux=[i℄->next[j℄;
[i℄->next[j℄=[i℄->next[indx℄;
[i℄->next[indx℄=aux;
}
}
[i℄->sym=0;
if([i℄->pos[0℄>[i℄->next[1℄->pos[0℄){
aux=[i℄->next[1℄;
[i℄->next[1℄=[i℄->next[2℄;
[i℄->next[2℄=aux;
[i℄->sym=1;
}
}
return;
}
Appendix B
Details of the alulation protools
B.1 Cuto energies
The onvergene study for the uto energy for the plane waves was performed on the graphene
unit ell at null eld, with a irreduible Brillouin zone sampling of 15×15×1. The ohesive energy
of the system, alulated at dierent uto energies, is reported in Tab. B.1(a) and plotted in the
graph of Fig. B.1. The ohesive energy starts to onverge at ∼ 25 Ry, hene the uto energy was
setted to 30 Ry. For what onern the uto energy for the eletroni density, it was setted to
300 Ry, aording to the instrutions of the QE doumentation [45℄, that reommends, for ultrasoft
pseudopotentials, a value from 8 to 12 times the plane wave uto.
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Figure B.1: Graph of the onvergene test for the plane wave energy uto for the PBE funtional,
obtained by unit ell simulation with a 15 × 15 × 1 k-point grid sampling. A value of 30 Ry was
hosen.
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B.2 Grids for the Brillouin zone integration
Similar tests were made to determine the grid sampling to use for the integration of the irreduible
Brillouin zone. Sine the Brillouin zone depends on the size of the real ell, a study for eah ell
was made. In Tab. B.1 (b) () and in Fig. B.2 are reported the ohesive energies of the graphene
in the unit ell and in the 4
√
3× 4√3R30 ell with dierent grid sampling in the reiproal spae
(note that along the z diretion only one point is sampled). For the unit ell, the system starts to
onverge with a grid of 8×8, but sine the omputational times do not vary signiantly inreasing
the sampling, at least for this ell, a denser grid was hosen, equal to 15× 15.
For the 4
√
3× 4√3R30 ell, instead, the energy dierene between the value with the Γ point
sampling and the onvergene value is ∼ 0.25%, hene only the Γ point was sampled in simulations
with this ell. Finally for the 13× 13 ell, being bigger than the 4√3× 4√3R30 and hene having
a smaller Brillouin zone, a onvergene study was not made and the Γ point sampling was used.
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Figure B.2: Graphs of the onvergene tests varying the k-point grid sampling. A 15 × 15 grid
was hosen for the unit ell, while for the 4
√
3× 4√3R30 and the 13× 13 ells, the grid is redued
to the only Γ point.
B.3 Input struture for the rippled ell
To obtain the rippled 4
√
3× 4√3R30 ell, the ell parameter was ompressed by 2% and a ripple
was superimposed to the struture, then a relaxation at null eletri eld was performed. The
initial ripple onsists of a Gauss bell with an height amplitude of 0.5 Å, as shown in Fig. B.3.
0.5 Å
0.0 Å
Figure B.3: Input struure for the relaxation of the rippled 4
√
3× 4√3R30 ell with null eletri
eld. In blue the higher height, in red the lower.
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Ecut Ecoh
(Ry) (eV/atom)
12 6.5655
13 5.1058
14 3.3524
15 1.4499
16 −0.6632
17 −2.6814
18 −4.4144
19 −5.6721
20 −6.6077
21 −7.2777
22 −7.7501
23 −8.0901
24 −8.3250
25 −8.4880
26 −8.6061
27 −8.6868
28 −8.7446
29 −8.7870
30 −8.8169
31 −8.8393
32 −8.8549
33 −8.8661
34 −8.8733
35 −8.8781
36 −8.8811
37 −8.8830
38 −8.8840
39 −8.8847
40 −8.8850
(a) Unit ell
k-grid
Ecoh
(eV/atom)
Γ −5.3783
2× 2 −7.7546
3× 3 −8.5618
4× 4 −8.8324
5× 5 −8.8051
6× 6 −8.7966
7× 7 −8.8242
8× 8 −8.8171
9× 9 −8.8130
10× 10 −8.8200
11× 11 −8.8179
12× 12 −8.8156
13× 13 −8.8184
14× 14 −8.8177
15× 15 −8.8169
16× 16 −8.8179
17× 17 −8.8178
18× 18 −8.8173
19× 19 −8.8177
20× 20 −8.8177
(b) Unit ell
k-grid
Ecoh
(eV/atom)
Γ −8.7951
2× 2 −8.8156
3× 3 −8.8169
4× 4 −8.8172
5× 5 −8.8173
6× 6 −8.8173
7× 7 −8.8173
8× 8 −8.8173
9× 9 −8.8173
10× 10 −8.8173
() 4
√
3× 4√3R30 ell
Table B.1: (a) Cohesive energy per atom at dierent plane wave uto energies. (b) () Cohesive
energy per atom at dierent integration grid in reiproal spae.
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Appendix C
Lattie onstant optimization for the
4
√
3× 4
√
3R30 ell
The graphene 4
√
3 × 4√3R30 at ell was relaxed at dierent lattie onstants a to nd the one
for whih the ohesive energy reahes its minimum. All the data are reported in Tab. C.1 and in
Fig. C.1. A value of 16.9914 Å for the lattie onstant, orresponding to an eetive C-C bond
lenght of 1.41595 Å, was found.
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Figure C.1: Graph of the ohesive energy per atom at dierent lattie onstant for the 4
√
3 ×
4
√
3R30 ell with at struture.
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a C-C Ecoh
(Å) (Å) (eV/atom)
16.9337 1.411139 −8.4585
16.9760 1.414667 −8.4656
16.9813 1.415108 −8.4655
16.9866 1.415549 −8.4660
16.9892 1.415770 −8.4681
16.9898 1.415814 −8.4691
16.9903 1.415858 −8.4720
16.9906 1.415880 −8.4720
16.9908 1.415902 −8.4742
16.9911 1.415924 −8.4742
16.9914 1.415946 −8.4741
16.9914 1.415950 −8.4753
16.9915 1.415955 −8.4753
16.9915 1.415959 −8.4753
16.9916 1.415964 −8.4752
16.9916 1.415968 −8.4752
16.9917 1.415972 −8.4752
16.9917 1.415977 −8.4752
16.9918 1.415981 −8.4752
16.9918 1.415986 −8.4752
16.9919 1.415990 −8.4752
16.9919 1.415990 −8.4752
16.9919 1.415995 −8.4752
16.9920 1.415999 −8.4752
16.9920 1.416003 −8.4752
16.9921 1.416008 −8.4751
16.9921 1.416012 −8.4751
16.9924 1.416034 −8.4751
a C-C Ecoh
(Å) (Å) (eV/atom)
16.9929 1.416078 −8.4750
16.9935 1.416122 −8.4749
16.9940 1.416167 −8.4748
16.9945 1.416211 −8.4747
16.9972 1.416431 −8.4747
17.0025 1.416872 −8.4748
17.0078 1.417313 −8.4742
17.0130 1.417754 −8.4739
17.0183 1.418195 −8.4740
17.0236 1.418636 −8.4740
17.0289 1.419077 −8.4734
17.0342 1.419518 −8.4722
17.0395 1.419959 −8.4716
17.0660 1.422164 −8.4677
17.0924 1.424369 −8.4642
17.0977 1.424810 −8.4660
17.1030 1.425251 −8.4655
17.1083 1.425692 −8.4642
17.1136 1.426133 −8.4665
17.1189 1.426574 −8.4658
17.1453 1.428779 −8.4657
17.1718 1.430983 −8.4662
17.1983 1.433188 −8.4643
17.2247 1.435393 −8.4648
17.2512 1.437598 −8.4642
17.2776 1.439803 −8.4604
17.3041 1.442008 −8.4618
17.4099 1.450828 −8.4447
Table C.1: Cohesive energy for atom at dierent lattie onstant a and orresponding eetive
C-C bond lenght for the 4
√
3× 4√3R30 at ell.
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